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PART 11. 


CHAPTER X. 


PfilMAET CELLS AITB O-EITERAL EFFECTS OF 
CURRENTS 

142. Iiitrodtiction. TJx© Simple G-alvanic or ¥ol- 
taic Cell.— it lias been shown tliafc in order to secure a 
continual iiow of electricity from on© point to another some 
conducting path must be provided between them, and means 
must 1)6 devised for mamtaining the two points at different 
poUmtiais, in which case electricity will continue to flow 
froiu the higher to the lower potential; this latter is the 
function performed by voltaic cells and batteries, dynamos, 
etc. In ail cases the conductor acquires certain new pro- 
]>erties attributed to this mysterious agent “ flowing along 
it ; teelmiealij we refer to it as a ** current of electricity 
in the conductor, and the branch of our subject dealing 
with iliis is called current electricity or electrodyTiamics* 

The existence of a current of electricity is known by 
various effects which jt produces, 6.gf. (1) A compass needle 
suitably placed near the conductor (say a wire) is deflected, 
and if the wire be coiled round a bar of iron the latter is 
converted into a magnet; these. are. known as the magnetic 
effects. (2) If the wire be severed, the ends soldered to 
two Huitable metal plates, and these placed some short dis- 
tance apart in various liquids, many of the latter axe decom- 
posed, one of the products of decomposition appearing at 
one plate and another at the second plate ; these are known 
as the ehmnieal effects. (S) The conductor through which 
the current flows becomes heated ; these are referred to as 
the heeding effeek. 
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In magnetisni we are oonoerned with, magnetio field® and tabei of 
* . magnetic force gh 5 and in electros tati<M with electric field* and' 
' ' ■ tubes . of electric force owf rest ; , the reader will see later tliat in 
current electricity we are really oonoemed with the coeinstetice of 
the above two fields while in a condition of rdolive motkm* 

One method of producing the difference of potential 
necessary for a continual flow of electricit j is. bj chemicsal 
action. 

Exp. (1) Place a plate of common fine (Zn) in dilute sulpliurio 
acid (H2SO4) ; a violent action ensues, the zim is eaten away, ziiio 
sulphate (ZnSO^) is formed, hydrogen giis (Hjj) is evolveci, and ^ 
the whole energy u liberated appearing as heat in the solution* I110 
chemical action is expressed by the equation 

Zn + H2SO4. = ZnSOi + H's, 

(2) Amalgamate the zinc (>.e, coat its surface with mercury) and 
replace in the acid ; no action is observed- 

(3) Insert a plate of copper in the acid ; again no action is observed. 
Place the amalgamated zinc and the copper side by side in the atud 
but without touching each other, and still no action is observed* 



(4) Fit up the apparatus shown in Fig. 273, where Fisan electro^ 
scope, F and two brass plates, the former being provitird with a 
handle and the latter fixed to an insulating support, M^f a nhwt 
of paper between i^’and <?, and H and 4 the copper anti 
mated zinc plates respectively, stonciing in the dilute siilphii'rio 
acid; the connections are as indicated, trmn wdiich it will Ik* 

'that the.'Zino plate being earthed k ai zero tvhilHl //, f/ 

and F, being oonnected,.aro at a common ptdtrntial. Now remove 
W by insulating tongs and then UU away the plate F; the leaves 
of the electroscope diverge, and by the giethod of Art. 0 it om Im 
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proved that their potential is positive, Henoe we may eonclude that 
in {3), although no action is observed, the potential of the copper plate 
is higher than that o/* the zinc plate. Bepeat this experiment with 
the copper plate /f joined to E, i.e. earthed and zero potential^ 
and the zinc plate L joined to I. The leaves diverge as before, but 
on testing it is found that their potential is negative ; this also sup- 
ports the above, viz. that in (3) the potential of the copper plate is 
higher than that of the zinc plate. An explanation of this experi- 
ment is given below. 

(5) Place the two plates in the acid and connect them outside by 
a wire (Fig. 274) ; it will be found that (a) the zinc is eaten away 
and zinc sulphate is formed, {h) hydrogen gas 
appears at the copper plate^ (c) a current of 
electricity flows in the circuit, as can be 
readily proved by bringing a compass needle 
near the wire ; the direction of the current 
is from copper to zino in the connecting wire, 
zinc to copper in the liquid. 

Such an arrangement is called a 
simple, galvanic, or voltaic cell; the 
copper plate is at a higher potential 
than the zinc and is called the high 
potential plate, the portion of it outside 
the liquid being called the positive 
pole ; the zinc is known as the low po- Fig, 274. 

tential plate, the portion of it outside 
being called the negative pole. In the outside circuit the 
current naturally flows from the high potential copper to 
the low potential zinc ; inside the energy of the chemical 
action forces the electricity from the low to the high po- 
tential. The chemical action is, in fact, similar to that of a 
pump lifting water from a lower to a higher level, from 
which position the water wonld naturally run down again, 
doing work in virtue of the energy conferred upon it. Thus 
in the ceil the consumption of the zinc really furnishes the 
energy which maintains the current in the circuit. The 
difference in potential between the zinc and the copper 
when they are merely immersed in the acid and not con- 
nected, i.e. when the cell is on ** open circuit/' is called the 
©lectro-motive force (E.M.F.) of the ceil. 

The explanation of the results noted in (4) above may now be 
given briefly as follows i-^F and 0 form a ooudeuser of fairly large 
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_ capacity. When arranged as in the figure, //, Cf and V aoffiiire a 
common potential equal in fact to the M.M.F. of il.e cell, ami of 
course, a positive charge has been gained by O ; tile nolentiai is limv 
ever, not strong enough to cause tlie leaved to .Hveiyr 

Tf “ oondenser but merely a plate ff of 

miich smaller capacity, aod the charge it has acquired raiscH iK 
potential to such an extent that the leaves diverge. 

On the electron theory the eurrent from a ceil is a il(uv of 
electrons from zino to copper outside. negattm 

nP+tlf Ideas on tlio “Clieniical” Theory 

of tte Smple Cel^llie theory of the simple cell is dealt 
with m Chapter XIV., but the following elemeiitarv treat- 
ment at this stage will considerably assist the reader to 
understand much that follows. 

InvMti^tions relating to the alteration of the freezin.' 

and vapour, pressure of water, pro- 
due^ by dissolvmg acids and safts therein, have led to^he 
conclusion that dilute solutions are “ dissociated,” i.e. the 
moleoutes are broken up into atoms, or groups of atoms 
^d furthOT, that there is a constant interchange of atoms 
between the molecules ; thus at any instant a large nuSr 

^11 passing from molecule te molecule 

wiU^ /ree or di^ocuded. and these free atoms are sup. 
^sed to be electrically charged— metallic ones positively 

Suchfree,chargedatoms 

Consider the zinc and copper plates in the dilute acid— 
practically Midulated water— Suf not connected. The liq uid 
contains a large number of oxygen and hydroirea ion« 
former neg^irely, the latter positively, charged Now zinc 
^s ^reat affimty for oxygen; it attracts the negative oxv- 
gen ions mthm a very narrow film round about it uatiHte 
p^ntial becomes so strongly negative that it begins to 
repel the oxygen ions electrically as intensely as itA Hr! I 
them chemically; equilibrium is soon aSnS. £ S 
result bmng, however, that the potential of the zinc is 
lowered by an amount e,, say, below that nf 
surface of the film. The'’aci/iated waSf W I 
ducter, has the same potential throughout. ' 

The copper also attracts the negattre oxygen ions within 
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a very narrow film, so that its potential is, say, below tliat 
of the outer surface of this film j the attraction is, howeyer, 
less than in the case of the zinc, so that eg is less than ej, 
and ike copper is, therefore, at a higher potential than the 
zinc, , 

The P,I). between the zinc and the copper is clearly — e, 
and this measures the E*M.P, (J^) of the cell. Pig. 275 (a) 
represents (not to scale) the potential slopes referred to, 
the vertical distances denoting potentials,. and AB and OD 
the outer surfaces of the films ” at the zinc and copper 
respectively. 

When the plates are connected by a wire the condition 
of equilibrium is upset. Electricity flows along the wire, 
from copper to 
zinc, lowering the 
potential of the 
former and raising 
that of the latter ; 
the zinc again at- 
tracts negative 
oxygen ions and 
.the copper now 
repels them, and 
this motion of 
negative ions in 
the direction cop- 
per to zinc in the 
liquid necessarily 
implies a motion of positive ions (i.e. hydrogen ions) in 
the opposite direction zinc to copper, and this is the di- 
rection recognised as that of the current inside, and, as 
far as the potential slopes are concerned, there is on the 
whole a perpetual process towards readjustment, the P.JD. 
in the film at the zinc being maintained equal to and 
that at the copper equal to % (neglecting the influence of 
the hydrogen there). How, however, there is a fall of 
potential in the liquid from the outer surface of the zinc 
' film to the outer surface of the copper film equal to F, say, 
and a potential fall in the wire equal, say, to e. These 
potential slopes are «hown in Eig. 275 (5) ; clearly — 



Fig. 275. 
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V-M^ 

ez=z'B 




F 

e 
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The same general idea may be expressed in a sllchtlv differ«rif 
form. When a piece of metal, say zino, is placed in sa/sttlphnrio 
acid, positive zmc ions pass from the plate to the soluf iAnt Yi 4 *iio 
making the potentia.1 of the zinc negative with respect to the soiuimn} 
until the negative zinc and the positive solution give rise to siioh 
aquili&ium is attained anlno mot zlit 
the potential difference ej, In E|l! 

joined by a wire electricity flows, as ex- 
plained, from the copper to the zinc, lowering the potpntial of f h<r* 
copper and raising the potential of the zinc "pL inilJ ^ u 

circuit in the wire from copper to zinc in the oaII Kw ^ 

of positive bns in the directL Sn “to “opptrind ^neiurS 
in the direction copper to zinc. fJ«i,ativ® ions 

In the theory outlined above the sign of the P T> 

bot^lates and the f“ /f! 

differences at the surfaces of zinn ^ the potential 

say, vj adorn the aoid, so that = » 1 ,, fl ■ * “ oopper ig, 

of these views strictly represents "the eaun * f* “ooertain wliioh 
certainly there is sS Sh7„„ ^ ''“'Ple cell; 

determiLtionssuoh aTth^rbv^r^,rftt “\"ele P.D. 

electrometers. ^ dropping eleetrodes and capillary 

.dceivdtny to(A« i/ieory iAtts hn^y 0Si®»rf iAs W ,lf *’ rr ■ 

due to the different tendencies of the two vlates to eornhi-i 'i ’ ^ ^ 

or to the different tendencies of the nutda toZroi^^ ■ f * °fyp*n. 

-TO. ».J be used. The feUo™^ liefirCit 
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decreasing affinity for oxygen (and decreasing solution 
pressnres) ; any : two of these may - be chosen as the elements 
of the cell, the further the substances are apart on the list 
the greater will be the E.M.F. and the substance which is 
the higher on the list will constitute the negative pole of 
the cell Manganese, Zinc, Lead, Tin, Iron, Copper. Mer- 
cury, Silver, Plat inuin, Carbon. 


Local Action and Polarisation.— Common zinc 
contains many impurities, such as iron, lead, arsenic, etc.: 
these, together with the zinc, being in contact with the 
acid give rise to a number of local currents all over the 
surface of the plate, the result being that the zinc is con- 
ramed without any advantage being gained therefrom. 
Ihis, termed locnZ action,'' is prevented by amalgamating 
the zinc. The mercury dissolves the zinc, forming a uni- 
tormly soft amalgam which covers up the impurities ; as 
the zinc is consumed in the cell the impurities fail to the 
bottom. Local currents between portions of the plate dif- 
fering in hardness are also prevented by this device. 

^ We have seen that when the cell is giving a current 
hvdrogen bubbles appear at the copper plate. One ex- 
planation of their appearance there was given by Grotthiis, 




IF 2 2' 3 3' 4 4^ 

SO4H, . SO,H, . SO,H, . SO,H, . SO,H, 


6 6 ' 
SO4H2 


SOi . HjSOi . HjSOi • HjSOi . HjSO^Hj 

1 1' 2 2' 3 3' 4 4' 5 5' 6 6' 


Kg. 276. 




and is shown in Fig. 276. The upper row shows the 
arrangement of the molecules before the poles are con- 
nected, the lower row after the connection is made. The 
zinc (Zn) combines with the sulphion (SO/), and alternate 
■separations and recombinations take place until finally the 
hydrogen of the molecule on the right is liberated at the 
copper plate. The .lissociation theory of Clausius gives a 
more modern e-xplanatioa : the positive hydrogen ions 
travel towards the copper, and the negative ions towards 



8 Muaui, o,n, „„„„„ 

f if ;iCf “■» “■»«' 

spoils the cell in two ways-1 “® current and 

°PP°®«® the fliw of *■*• 

set up, so thaUhTlM.F C^\f tto ^ ‘® 

greatlj diminished. ^ ^ «. - ej is 

tion of elimina- 
^°Tandf/®“!-^« is essential for 
a. 

contains 

of copper sulphate {OuSoj!Sh 
acts as the‘‘depolari8er,’- ;-rt£ 

^rthenware pot containingSte 
sulphuric acid and an nnv ^ 
mated zinc rod V?},„ 
portion of *?■ 

is attelhed Sot 

4ST"h»''"'AX 

lows:— The solutions ionise so action is as fol- 
drogen and copper ions and * we have positive hy. 
positire zinc tmpSs 

*”* -"Ipl-to » (omS 
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and, at the same time, with repeated combinations and 
dissociations, the positive ions travel, under the influence 
of the electric field, towards the outer compartment. In 
the outer compartment the positive copper ions travel 
similar! j towards the copper vessel, where they are 
deposited and give up their charges, whilst the hydrogen, 
which has entered from the inner compartment, joins 
with the SO 4 , forming sulphuric acid according to the 
equation' ■ ■ 

Hh OuSOjj =2 H2SO4 ”}• On. 

Thus copper is deposited on the high potential plate, 
hydrogen does not appear there, and polarisation is pre- 
vented. Frequently zinc sulphate is used in place of 
sulphuric acid, in which case we may write — 

Zu 4 - 2:nS04 = ZnSOi + Zn 
Zn 4 CUSO4 = ZnS04 4 Cu. 

The E.M.F. is about IT volts (Art. 153), and the re- 
sigtance (Art. 154) rather high; but both are fairly 
constant, so that the cell is useful when 
small, but constant currents are required. 

In Oravity DawtelVs Gdls no porous pot 
is used, the denser copper sulphate solu- 
tion being placed at the bottom of the cell, 
the lighter zinc sulphate resting on it. 

The MinoUo Cell (¥ig^ 277a) is a modifica- 
tion ; at the bottom is a copper plate and 
copper sulphate crystals, and above this 
sand or sawdust moistened with zinc sul- 
phate solution ; at the top is the zinc plate. 

( 2 ) G-bovb’s Cell Ann BuKSBisr’s Cell,-— I n Grove's 
Cell the zinc, Z (Fig. 278), is cast in the form of a V; and 
is placed in dilute sulphuric acid. In the bend stands 
the porous pot containing strong nitric acid (HlsrO^) and 
the high potential plate, viz. a sheet of platinum.' The 
chemical reactions are— 

. Zn 4 = ZnSOi 4 Hg 

Ha 4 2HNOa = 2HaO 4 2 KO 3 (nitric peroxide). 

Thus hydrogen does«iiot appear- at the. platinim'imd,, there 







Fig. 277a. 
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is no polarisation; the nitric peroxide gas is soloMe.in 
® strong nitric . acid, and does not, therefore, gather . on the 
platinum plate. .The E-M.!*.' is about 1*9 'volts, and the 
. resistance fairly low; .hence it is useful .when stro.ag, and 



Fig. 278. Fig. 279. Fig. 280. 


fairly constant currents are required. The fumes of nitric 
peroxide are disagreeable, and the use of platinum makes 
the cell expensive. 

Bunsen^s Cell (Fig. 279) is a modification of Grovers, in 
which the platinum is replaced by a rod of cheap gas 
coke. The liquids used and the action are the same as 
the preceding. 

(3) Pogoendobff’s Bichromate aud the Chromic 
Acid Cells. — These are single fluid cells, the former being 
made by mixing bichromate of potasli (3 oz.), sulpliuric 
acid (3 oz.), and water (1 pint), or correBjx)nding <|uanti- 
ties, according to the size of the cell. In this hang two 
plates of carbon (Fig. 280) connected to one terminal, and 
in between them a plate of zinc connected to another 
terminal. The reactions are— 
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Sulphurio 

"aoid 


(1) RA A + 7 HiiS 04 + HjO = aHjCrOd + KaSO* + eHjSOi. 

Potolum Sulphurio Water Ohromio Pota^ium 

bichromate acid acid sulphate 

(2) SZn + SHjSO* = SZnSOi + 8Hj. 

(3) 3H, + 2H.AO« = CrsOj + 5H,0. 

Hydrogeo 


w 


(6) 


Chromic 
acid 

Cr,03 + SHjSOi ^ 

Chromic Sulplmrio 
oxide acid 


Ciiromio 

oxide 


Water 


: Crs(S04)3 + SHA 

Ohroiilium Water 
sulphate 

KjSO* + Crs(S04)3 = Kj0rj(S04)*. 

potassium Chromium Chrome 

sulphate sulphate alum. 

The waste product, chrome alum, crystallises on the 
plates and impairs the cell. To avoid this chromic acid is 
now invariably used instead of potas- 
sium bichromate, in which case equa- 
tions (2), (3), and (4) represent the 

action. ^ ,, , 

The E.M.F. is about 2 volts and the 
resistance low, but the current soon 
begins to fall off ; it is useful where 
a strong current is wanted for a short 
period. 

(4) Leclanche Cell. — In the 
outer vessel (Fig. 281) is a zinc rod 
immersed in a solution of ammonium 
chloride (sal ammoniac), and in the 
porous pot is a rod of carbon sur- 
rounded by a mixture of broken carbon, and black oxide 
of manganese. The reactions are— 

Zn + 2NH4CI = ZnCl, + 2NH3 + Hj (1) 

Am monium Zinc Ammonia 
chloride chloride 

Ha + 2MnOa = Mn.A + HjO (2) 

Black oxide of Brown oxide of 
manganese -manganese 

The hydrogen, however, is liberated quicker than the 
MnO can use it up, so that after a time polarisation sets 
in an’a the current falls of. If allowed to rest for a few 
minutes the MnO^ performs its work, as ^ per equation (2), 



Fig, 281 . 


12 PBiMAJsr aaihis and ohnbeal kpfhcts of oobebnts. 

and the cell r^ins its strength ; hence Leelanche Cells 
are adapted for intermittent work, e.ff. electric Iwlls and 
telephone calls. The E.M.F. is about I'S volts, but the 
resistance is frequently high. 

(5) AoOi.OMBBATB LbCLANCH® 
CKun.— This type (Fig. 282) dis- 
penses with the porous pot, A 
mixture consisting of 40 parts of 
black oxide of maugamsHe, 
parts of gas coke, 3 pirts of shel- 
lae, 2 parts of potassium sulphate, 
and a little sulphur is heated to 
a high temperature, and, by iiy- 
draulio pressure, formed into a 
compact mass. Two blocks of 
this agglomerate arh txed by 



Carbon. 

-Ai^^hmsrah 

~^ah 

amtmmae 

|- Zinc 
Band 


Fig, 282, 


. ,, agglomerate are iied by 

mdiarubber bands to a rod of gas coke forming the high 


be gafciiered from 


potential element, Otber details will 
Fig. 282. The resistance is less than 
that of the ordinary type. 

(6) Dey Cells.— The so-called dry 
cells are mainly modiiications of the 
Leclanche. The E.C.O, type (Fig. 

283) consists of a zinc cylinder, next 
to which is a paste, IF, composai of 
plaster of Paris, hour, zinc chloride, 
sal ammoniac, and water. Adjoining 
this is a pasta, J, of carbon, oxide of 
manganese, zinc chloride, sal ammo- 
niac, and water. G is a rod of inivhim. 

The whole is covered with a ca^t^ of 
mill-board, is sealed with piteh, and 
is provided with a vent for the en- 
cape of gas. The E.M.F. is alwut tho same im that of 
an ordinary Leclanche, but the iatorisal reHiHtance is niiifdi 

X0SS* 

The Eellesen GeU consists of two cylinders of zinc the 
mner one being perforated and lined with paper. Between 
these IB a paste consisting of sal %mmoniac, plaster of 
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Paris, and gum tragimaiitli. In .the centre of the ^ cell 
stands the carbon rod, around which is the depolariser, • 
composed of oxide of manganese, plumbago, and sal 
ammoniac. The whole is sealed with pitch and provided 
with a gas vent. 

(7) Emson-Lalanm Cell.— This ^is a one-iuid cell, 
the pia,tes being compressed copper oxide and zinc, ■ both 
imnieraed in a solution of sodium hydrate. Its E.M.F. 
is about *75 volt, but the resistance is low, so that large 
currents can be obtained from it, and it is free from 
local action and polarisation. The chemical reactions are — 

Zn + 2NaHO = ZiiNaA «f H* 

Ha 4* CuO = HjO + On. 

The cel! is largely used in America for railway work. 

(8) Benko Batteries. — This is made up of the latest 
type of primary cell. The elements consist of a rod 
of zinc placed inside a flattened porous carbon cylinder. 

The latter is closed at the bottom, and is surrounded by 
an outer closed chamber of lead. The Kquid (some 
chromic acid solution) is contained in a vessel fixed some 
distance above the level of the cell. Prom this height it 
hows into the surrounding chamber, slowly passes through 
the porous carbon towards the zinc, and is finally pumped 
back to the containing vessel a^in or passed to waste. 
Tiie constant renewal of the solution in contact with the 
carbon eliminates polarisation. The hope is entertained 
that batteries of these cells may, in time, to some extent 
replace accumulators (Art. 209). . ; Sing.!e cells are, natur- 
ally, not in use; the standard article is a seven-cell 
battery (Art. 160). 

(9) Latimbb CiiAek STAHnARU CEnn.—The Board of 
Trade pattern of the Latimer Clark Standard Ceil is 
shown m Pig. 284. The containing vessel is a smaE 
test-tube about 2 cm. in diameter and 4 or 5 cm. deep. 
Mercury is placed in the bottom of the tube and forms 
the high-potential element of the ceE. Above this is 
placed a mixture of jnercurous sulphate and saturated 


14 ' PBIMABY CMLLB ATO &mmAL MWFECTB OF CVUBmTB. 


ssinc lulpliate solution la the form of a tliick panto, and 
.above the paste saturated rinc Biilphato solution is atldofL 
The low-potential elemeat is a rod of y.iiic sii|)|)ortod as 
indicated in the ■.■figure. Contact wiili tlie iriorciirv is 
made by means of a platinum wire protected bj a 
tube. The whole is sealed, witli marine glue coated with 
sodium silicate. The E.MJb of this cell is iisua-lij taken 
as 1*434 Tolts at 15^ C., and it fails in value with rise of 
temperature ; its E.M.P. at C. is 

E, = 1*434 {1 - ‘00077 (i - 15)} volts ; 



r^pnrr- 


Marine 

Glue 

ZtncHoi 

-Cork 

'AtrSpaee 

Paste ‘O 


Mercury 


Fig. 284.. 



but ' the cell must have been at this temperature for soma 
time for 'the relation to.be true, for the variation of the 
'E.M.E.', lags behind the temperature change. At ilie 1908 
International Conference it was decided to toke the ',E.M.F. 

at 15° as 1*4326 volts. 

(10) 'WusTOir CAnMiirM Stahba.E 0 Gem,, — In tins cell 
(Fig. ..285)' mercury (if ) is the positive ptde, an aiuulgam 
of mercury and cadmium {A) the negative pole, cadmimu 
sulphate (O.and 8) the eleetro'iyte, and mercurous siilpliate 
paste (P) the depolariser. (u = crystals of, and S -- a 
saturated solution of, cadmium sulphaio.) Its IhAI.F. 
may .be. taken 'as' .1*0195 volts at 15^' C. Geildicatea 
issued by the National Physleah Laboratory take the 
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»fu«,;"j;™,t,r^ (-wa,.,^) « so- c. ™d .i 

E. = a;, _ -0000406 (t - 20) - -00000095 (t - 20)» 

+ -00000001 (t - 2oy. 

diHiaih^i Oa the Other hand th/Iw their 

{!) on I ha ni'/a of the nhtf**A fK« K ™ interna! resistaoco depends 
Umn the reninWr i Voi ^ 1r 1 - the plates the 

u ^ the plateLthe les: 

of tlie Ii,,ui,l or n'mi.lN ^ concentration, etc., 

tiu i)i,'nlLil E.M fi' of a mmll mi, nf\h' * *“* 

f^^t.crafferrearling ctiptcr XI understand these points 

A g.s..l voltaic cell Hhonhi meet the following requirements :- 

1 ll« electromotive force Hhmild be high and constant 
2) ItH rcH, stance should be sntalL ^ constant. 

« ) it -MiH.Hihl bn fm.5 from polansation, 

should lui^br'‘^T'^“" 

which should not tie mphlly exhau^tibre 

is «■ i* e=^ncpt when theourrent 

(6) It should tie oonvenient and economical in use. 

•oiSitrjiS-r »■• F.in* »> ™. 

146. Magaetic Effects of 
a Current.— It was soon dis- 
co voretl iiy experiment that a 
rMfiiincior which m carrijing a 
rurcent hm a magtietic field 
mtr refunding it, 

Exps* ( ! ) I'Ai ii\i hole in a piece ' 
of «'ry.io..jarfl, fit ft in a horizontal 
jta^v a wire vcrtieaUy 
tiiii>Ukf 1 n, a?id l»,-t a rftroiig current 

I.mw tiio.H.'h li.c win*. Sprinkle Fie-' afifi 

If!, tdmgi on the ciii-dboiird and g* 286. 

to,, the latter. xSc tilings arrange themselves in concentric 

M.A.vtlE. gg 
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circles round the wire as their common centre; these indicate the 
lines of force in the magnetic field due to the current {hiis, 

(2) Arrange that the current is flowing down the wire, M^ve a 

' ^ ^ ^ small eom|jas8 necdje, round.. 

the wire and note i.n .which 
direction the ' north ^ pole 
points. In this' case it will 
be found tliat the north pole 
points as indicated by the 
■ .arrows in Fii?. 287 (ah it* ■■ 
. the positive clireetion 'ol the 
W ■ ' lines of force 'Is dackwim,^'' 
Repeat ■ ' with the. ' current 
flowiiig up ^the wire : ^ the 
north pole will move in the opposite direction, U. the po^^^itivc 
direction of the lines is comiter-ciockwke (h’ig. 28/ (O)}, 

(3) Place a compass needle on the table and huld a wire and 

parallel to it, as shown in Fig. 288. Pass a current through the wire 
(a) from south to north, (6) from north to south, 
and note in which direction the north pole of 
the needle is deflected ; it will be found that in 
(a) the north pole of the needle moves towards 
the wesij and in (b) towards the east. Hold the 
wire below the needle and again pass a current 
(c) from south to north, (d) from north to south ; ^ , 

it will be found that in (c) the north pole of the needle is deflected 
towards' the east and in (d) towards the ivesL 

The first experiment aboTe was originailj due to Arago 
and the last to Oersted. The resnlts need not be commit- 
ted to memory ; they may be obtained from the following 
rules which the reader should verify from the experi- 
ments 

(1) Ampeeb’s Extlk.-— I wapwe a man Bunmmin^ in 
the circuit in the direetim of the current and with his face 
towards the needle ; the north pole of the needle will he de* 
fleeted towards his left hand. 

(2) Eight Hand Eulb .— the thumb of the right 
hand at right angles to the fingers. Place the hand on 
the wire with the palm facing the needle and turn ihefmgers 
in the direction of the current ; the thumb will point in the 
direction in which the north pole will be deflected, 

(S) Maxwell’s 'Corksceew Ruli. — Irm^gim an onlt- 

nary righUhamded screw to he (dong the wire and to be 


H £ 

Fig, 288. 
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twisted . SO . m io move in the direction of the enrrent ; the 
direction in which the thumb rotates is the direction in which 
the north ^ole tends to move round the wire. 

From {a) and (d), or (&) and (c), of experiment (3) 
above, it follows tliat if a compass needie be placed at tbe 
centre of a coil of several turns of wire, the plane of the 
coil being set in the meridian, and a current be passed, the 
currents in all the wires above and below the needle will 
tend to deflect it in the same direction and thus a weak 
current is enabled to produce a deflection; this is utilised 
in many galvanometers (Chapter XII.), which are in- 
struments for the detection and measurement of electric 
currents. 

Bxps. (4) Bend a copper wire into a circle of about 10 inches 
diameter and fix to a horizontal sheet of cardboard as shown in Fig, 
289. Pass a strong current 
and obtain the lines of force 
by filings as before. Set the 
coil with its plane in the 
magnetic meridian, place a 
compass needle at the centre 
of the coil and note the di- 
rection in which the north 
pole is deflected. This gives 
the direction of the magnetic 
field at the centre of the 
coil ; in Fig. 289 the posi- 
tive direction is away from 
the observer. 

(5) Beverse the current 
and repeat the experiment. The lines of force will be as before, 
but the direction of the field will be reversed. 

The direction of the field at the centre of a circular coil 
carrying a current may be obtained from the rules given 
above, but the following is also convenient : — Loohing at the 
face of the coil^ if the current is clockwise^ the positive direc- 
tion of the lines inside the coil is away from the observer; 
if the current is counler-clockmsei the positive direction is 
towards the observer. 

3Sxp. (6) Make a ** solenoid” by winding insulated copper wire 
on a glass or cardboard tube and fix in a horizontal sheet of card- 
board as shown in BTg. 291). Pass a current and obtain the lines of 




18 PBIMABT CELLB AND OBNEBAI. BEPBCTS OF OXrBBBOTS. 

force by filings and the direotion of the field inside and outside by a 
oompasa Reverse the current and repeat. 

An examination of Vig. 290 (a) wffl show that the ^g- 
netio field in the case of a solenoid carrying ^ 
resembles the magnetic field of a bar magnet Tbe Ima 
of force leave one end of the solenoid, pass through tho 
outside field and enter the other end, complfitui| their 
circuit through the solenoid itself. In fact, I ig. ‘^^0 (a). 


for example, corresponds to a bar magnet, the near end, 

at which the current is circulating clochwiBBt corresponding 
to m south fole, and the remote md.,wheTe the current 
is circulating counter-clockwise, corresponding to the mrm 
vole. Fig. 290 (h) will serve to emphasise these facts. 
The following experiments also show the ^ magnetic pro- 
perties of a current-carrying solenoid and circular coils. 

!E[xt>s (7) Arrange the apparatus shown in Fig. 291, where m, m 
are small fixed oufs containing mercury and w are wires coin- 
munioating with a battery. The solenoid is theretore suspended 


Fig. 291. 

and free to move in a horizontal plane. On paRsIng a current the 
solenoid, sets itself in 'the magnetic iperidian just m a KUHpendttd 
does. ■ Find also its north and^south ends by iiieaiw of a 

mij itiese eiicls.' 


e 
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(8) Construct apparatus similar to Fig. 292 (Be La Rivers floating 
battery), where Z and G are plates of zinc and copper, fitted in a 
cork floating in dilute sulphuric acid, the 
plates being Joined by a coil of insulated 
copper wire. Bring the poles of a magnet 
near the coil, and note the resulting attrac- 
tion or repulsion, and the direction of the 
current. 

From the results of the above ex- 
periments the following rules for the 
polarity of a current-carrying solenoid 
are deduced Z 

(1) AaiPtiRE’s Bule . — Imagine a 

man swimmmg in the circuit in the 
direction of the current and with his Fig. 292. 

face towards the inside of the solenoid ; 

Ms left hand will be towards the north end of the solenoid. 

(2) Bight Hand Bule. — B^old the thumb of the right 
hand at right angles to the fingers, Flace the hand on 
the solenoid with the f aim facing the inside and turn the 
fingers in the direction of the current ; the thumb will he 
towards the north end of the solenoid, 

(8) End Bules . — Looh at the end of the solenoid; if 
the current is counter-cloekwise that end is a nortli, if it 
t# oloclcwise that end is a south. 

If a bar of iron be placed inside the solenoid and a 
current passed through the latter, the iron is converted 

into a magnet. The 
polarity of the iron 
is the same as that 
of the solenoid and 
is given by the above 
rules (see p. 21). 
Such magnets are 
called “ electromag- 
nets 

The reason for the 
fig. 293 . , “end to end’^ distribu-' 

tion of the lines in the 
case of a solenoid will be gathered from Fig. 293, which represents 
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X .1 +.«««£, Af «» find fthe circular lines, due to adjacent turns, 

outside, f rom c to c2. 




rrr:^^^ 




Mg. 294. 


Fig. 295. 


mz. 294 gives the field in the case of two 
T in thp same direction (downwardb) ana l‘ig. 

S about two parallel wires carrying equal currents m oppo,Ue 
directions. 

The student should uote that J’ff 

sumiuff the current to be from positive pole to 
pole outside, and should note the change m the wording if 
the electronic current be considered. 

147 Chemical Effects of a Current.— In Art, 142 
we have mentioned the fact that many liquids ai« decom- 
nosed by electricity. The process is termed electrolym, 
the Hquid is called the electrolyte and the coutaming 
vessel the wftomcfer. The metal plates by which the 
current enters and leaves the liquid are termed the eiec- 
trodes ■ that by which it enters is the anode, that by which 
it leaves is the Uthode ; the constituents of the liquid which 
arehberated and appear at the electrodes are ailed the 
ions, that travelling towards the hathode being the kaiton, 
and 'that travelling towards the anode the aniooi. 

Thus if the poles of a Bunsen’s ceil he couiiectod to two 
nieces of platinum foil immersed in water acidulated with 
sulphuric acid, the passage of the current through the 
liqmd decomposes it into oxygen and hydrogen. These 
gases are liberated sepaiutely at the surfaces of the pieces 
of platinum foil— the oxygen coming off from that con- 
nected with the positive pole of the cell (auode), and the 
hydrogen from the other (kathode). Eememhcring that 
the dissociated atoms (or ions) of oxygen and hydrogen m 
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tli0 liquid are supposed to be charged respectively : nega- 
tively ami positively, this result is just what ^should be 
expected ; for the foil connected with the positive pole of 
the cell, being charged positively relative to that connected 
with the negative pole, at once attracts up to its surface the 
dissociated oxygen atoms in its neighbourhood, and the 
dissociated hydrogen atoms seek the other piece. Thus the 
gases are liberated separately at the two platinum ter- 
minals — oxygen at the one and hydrogen at the other— 
and the current is maintained through the liquid by the 
stream of dissociated atoms passing from one piece to the 
other. 

The chemical action in this case is very similar to that 
which goes on in a voltaic cell, but it is essential to dis- 
tinguish clearly between the two cases. In the voltaic 
cell the stream of dissociated atoms is set up by a difference 
between the chemical attractions of the two cell plates for 
oxygen j but in the case just considered the platinum plates 
used are exactly similar and have no chemical attraction 
for oxygen at all, so that it is only on electrifying them to 
different potentials, by putting them in contact with the 
poles of a cell, that the necessary difference of attraction 
for the dissociated atoms is established, and a current 
thereby set up. Further, since in the voltaic cell the 
motion of the dissociated oxygen atoms is due to the greater 
attraction of one of the plates, these atoms on reaching 
that plate combine with it, and the chemical action which 
maintains the current goes on. In the case here con- 
sidered, however, neither the oxygen nor hydrogen atoms 
combine with the plates to which they are attracted, hut 
their charges, which they give up before liberation, neutra- 
lise the charg^^s on the plates at the spie rate as these 
charges are supplied by the cell to which the plates are 
connected. In this way a current is maintained round the 
circuit, and the chenucal decomposition produced is the 
result, and not the cause, of its existence. 

Bxp. (1) Ekcirolysu of diltUe mdphnric acid {or of water ), — Use 
the Hofmann’s voltameter shown in Fig. 296. Two vertical glass 
%uhm T, Tare joined at the bottom by a horizontal tube and are 
fitted with stop-cooks 8, ISf at the top. From the horizontal tube 
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springs a central tube terminating in a reservoir i?. Two platinum 
electrodes are Joined to terminals i!, to which the poles of a 
Bunsen’s battery of two or three ceils may 
be attached. The central tube and ijf are 
.jSrst filled with the dilute aeid and the 
cooks iS, S&re then' opened. The acid rises 
in the tubes T, and when these are full 
the cocks are closed and the current 
passed. The result is that oxygen and 
hydrogen appear in the tubes oxygen 
at the one containing tlie anode and hy- 
drogen at the one containing the kathode,, 
the. volume, of hydrogen being about 
double that of the oxygen. The hydrogen 
may be identified by the property that it 
burns with a pale blue fiamo when a light 
is applied and the oxygen by the fact that 
it ignites a glowing splinter. 

WBeE tlxe acid is mixed witii 
water it iomses so that we liave a 
large number of positively eliargecl 
hydrogen ions and negatively charged 
sulphions ; the result of the dissoci- 
ation may be written 

H,SO, = H, + SO,. 

The hydrogen ions, under the in- 
fluence of the electric field, travel 
towards the kathode, so tliat hydro- 
gen is given off there. ^Tlie siilpliion 
“ travels ” in the opposite direetioii 



+ H,0 = H,SO, -h 0, 
oxygen is given off there. 


SO, 
so that 

Combining these two equations we have 

H,SO, 4- H,0 = H^SO, + H, 4- 0, 

and deducting HgSO, from each side 
H,0 = II,+ 0, 

so that the final result is just the same as if water had bean 
decomposed. The electrolysis of dilute sulphuric acid is thus 
often spoken of as the electrolysis of water. Pure water 
(i,e. without the acid) cannot, howefer, be decom posed. 
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MydrocMoric mid (HOI) may be decomposed iiito%clrd" 
gen and chlorine, t.he former appearing at tlie kathode, 
the latter at the a, node. Since the ' chlorine attacks pla- 
tiiium a form of Hofmann's Toltameter fitted with carbon 
electrodes may be used. 

Exp. (2j Ehrtrolyds of Bodinm sulphate (Na^SO ^), — ^Place a porous 
pot iriMido a glass vessel and partially fill botk with a solution of 
sodiiiiu sulphate. Add to the solution in the porous pot a little 
reddeneti litmus and to the solution in the outer vessel a little blue 
litiuus. Use platiiu'im electrodes, one in the porous pot, the other 
in tiui otiter vesstil, the latter being the anode and the former the 
kathode. Bubbles of gas will rise from each plate, the red solution 
in the porous pot will be turned blue and the blue solution in the 
glass vessel will be turned red* 

The sod nan siiiphate contains positive sodrani ions and 
negative suiphions, the former moving towards the kathode 
anti the latter towards the anode. A secondary reaction 
occurs at the kathode, thus— 

2Na + 2H,0 = 2NaHO + 

so that hydrogen is evolved at the kathode and the caustic 
soda (NaliO) being an alkali turns the red solution blue, 
A secondary reaction takes place at the anode, thus— 

SO, + H,0 = H,SO, -f 0, 

so that oxygen is evolved at the anode and the acid turns 
the blue solution red. 

The electrolysis of potassium sulphate (K^SO,) gives 
results similar to the above. The potassium set free at 
the kathode gives a secondary reaction, thus — 

2K' + 2H,0 = 2E;H0 + 

so that hydrogen is evolved there and potassium hydrate 
is formed. At the anode the secondary reaction mentioned 
above takes place, oxygen being evolved and sulphurio acid 
forme«l. ■ 

The electrolysis of a solution of common salt or sodium 
cMoride (NaCI) gives more complex results. The sodium 
at the katho<ie gives the .secondary reaction 
2Na + 2H,0 = 2NaH0 + H,, 

BO that hydrogen is evolved there and caustic soda appears* 
^t the anode some of "^the chlorine is evolved, some reacts 
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with water forming hydrochloric acid and 'Mheratiiig oiy- 

gen, and some forms hypochlorons acid, etc. 

The electrolysis of potassium iodide yields free iodine at 
the anode and hydrogen at the kathode, thus— 

. KI = K + 1 
2 K + 2 HP = 2 EHO + 

This 'furnishes a very delicate test for the existence of weak 
currents. The free iodine turns starch paste blue so that 
if the terminals of a circuit he placed a short distance* 
apart on starch iodide paper the point at which the positive 
terminal rests is indicated at once by a blue dot. 

Exp. (3) Electrolyau of co^er Bulphale {CUSO 4 ), — ^Fiace twopiectis 
of platinum foil a short distance apart in a beaker containing a 
solution of copper sulphate. Pass a current through the liquid. It 
will be found that metallic copper ia depoaiitd in a thin layer on the 
kathode whilst oxygen is liberated at the anode, the actions being 
expressed by the equations CUSO4 = Cm + SO4 ; Si) 4, + HjO 
= H2SO4 + O. Reverse the current. Copper will be deposited on 
the new kathode, the copper previously deposited will gradually 
disappear from the new anode and then oxygen will be liberated there. 

If copper electrodes be used in the above, then, as before, 
copper is deposited in a thin layer on the kathode. The 
SO4 attacks the copper anode forming CUSO4 ; some alio 
joins with water forming sulphuric acid and liberating 
oxygen as previously shown. Again, the oxygen may com- 
bine with the copper forming copper oxide and this may 
again dissolve in sulphuric acid forming copper sulphate. 
In the majority of cases the action at the anode is of the 
complex charaGter indicated, but if the copper anode be in 
such a condition that it is readily attacked by the SO4 
copper is merely taken from it to form GUSO4, and the loss 
in weight of the anode will he equal to the gain in weight of 
the kathode. It looks, in fact, as if copper ware merely 
carried through the liquid from one plate to the otlier, 
average concentration of the liquid remaining the .same. 

Exp. (4) Wkctrolyaia oj aUmr nitraie (.dufiV'Od.'—Rcpeafc the 
periment with a solution of silver nitrate (a) with platinum elec- 
trodes, (6) with silver electrodes. Results similar to those men- 
tioned above will be obtained : in both cases silver will be depoBiteti 
“■on the kathode. ' ^■. 
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The above experiiiients illu method of electro- 

plating; thus to silverplate an iron spoon it must be made 
to form the kathode in a silver solution, the anode being a 
silver plate. In practice special arrangements have to be 
made in order to get a coherent layer which will afterwards 
take a good polish. The following points, however, may 
be mentioned - 

SiLViSBFDATiNO.— = Silver } Electrolyte = Solm 
tion of double cyanide of silver and potassium. 

H'ickelpi.atino. — Anode = Nickel; Electrolyte = Solu- 
tion of nickel-ammonium sulphate and ammonium sulphate. 

Goffebplatino,-— = Copper; Electrolyte =: Solu- 
tion of copper sulphate. 

EiiUCTBoaiLDiNG . — Auode = <3-old; Electrolyte = Solu- 
tion of double cyanide of gold and potassium. 

Most electrolytes, like those described above, are liquids. 
It is not, however, always necessary to make a solution of 
a salt in order to effect its electrolysis, for many salts, 
especially chlorides, when fused conduct electrolyticaily. 
Thus, when fused, silver, magnesium, and aluminium 
chlorides are readily decomposed by a current, the pure 
metal appearing at the kathode. This, in fact, is one 
important method of obtaining a number of metals in a 
pure state, and the metal potassium was first discovered 
by Sir Humphry Davy by subjecting the solid hydrate to 
electrolysis. The hydrate was allowed to deliquesce 
slightly, so as to become like a paste; then, on passing a 
stn)ng current through it, it quickly liquefied, and small 
globules of ]K>tassium appeared round the wire where the 
current left iha hydrate. The metal here appeared in a 
fre€% state because there was not sufficient water present to 
combine with all of it as it formed. Incidentally it may 
be meiil ioxiefl that many substances are now obtained on 
a mmmercud scale by electrolysis, e,g. metallic sodium 
(Castner process), caustic: soda and chlorine (Castner- 
Ke liner process), metallic calcium., alum,.inium, etc. 

The precetling are the more elementary pointa in con- 
nection witli the chemical effects, of - a .current ; the subject 
is more exhaustively dealt with, in Chapter XIV. 
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'148. Heating' Effects of a Current.— The faefe that a 
conductor is heated by 'the passage of an electric current 
is well known owing to its application in electric lightings 
etc. ; the following experiments are, however, instructive 

Exps. (1) Join the poles of a Bunsen’s cell by a short pieoe of 
iron wire about half a millimetre in diameter. Hold tl© wire 
between the fingers; it gradually becomes hot, and In time may 
become too hot to touch. 

(2) Take short pieces of thick copper wire, thin copper wire, 
platinum wire, iron wire, and nickel wire of equal lengtiis, and 
fasten them end to end. Connect the extreme ends to a battery of 
three or four Bunsen’s cells. The same current flows through each, 
Wt the heating effect in each is different. The platinum, iron, and 
nickel wires will, at different rates, probably become white hot, the 
thin copper wire may probably become red hot, but the thick 
copper wire will be only slightly heated. 

How, every substance offers a certain amount/ of oppo* 
sitioE to the passage of electricity through it, and this is 
referred to as the resistance of the substance ; the exact 
definition of resistance is given in Chapter XI. In de- 
creasing order of resistance the substances given may be 
arranged as follows: Platinum, nickel, iron, thin copper, 
thick copper. Hence we may conclude, in a genera! way, 
that the heat produced depends on the resisiame^ being 
greater the greater the resistance. 

Exp. (3) Connect a piece of platimira wire by copper wires to 
the terminals of a Bunsen’s cell and note the heating effect; dis- 
connect, Now join the positive and negative poles of another 
Bunsen’s cell to the positive and negative poles of the first cell, and 
once more connect up the platinum. It will be noted that the rise 
in temperature of the platmum is much faster than before, showing 
the development of a greater amount of heat. 

It will be seen later that Joining the two cells as above 
results in a greater current in the wire; hence we may 
conclude that the heat produced depends on the enrreni, 
being greater the stronger the curf&nt 

By taking the temperature of a cell before its poles are 
connected, and afterwards when the current is flowing, it 
is readily seen that heat is produced in the hmide m well m 
in the outside circuit. Further, irdm the various eiperi 
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ments we may reasoEablj conclude that the heat ftaducei 
iefendB on the time, being greater the greater the time during 
which the current Jkms, 

The above experiments are merely- of a general charac- 
ter ; in Chapter XIII. it will be s'hown that the following 
are the exact laws relating to the heating effects of a 

current 

(1) The heat produced u proportional to the resistame ; 
tlius> if one wire has twice the resistance of' another,' twice-, 
the amount of heat will be produced in it by the same 
current in the same 'time. 

(2) The heat produced is proportional to the equate of the 
current ; thus, if the current flowing through a wire be 
doubled, four times the amount of heat will be produced 
in the same- time. 

(3) The heat produced is proportional to the time the 
cmtrmd flows. 

In symbols H oo PBt, where M denotes the heat pro- 
duced, I the current, B the resistance, and i the time. 

We bays seen that when zi no is merely dissolved in snlphnrio 
Mid the energy of the ohemioal action goes direct to heat. When it 
is dissolved in a ceil the poles of which are Joined by a simple con- 
ductor, the energy is drat utilised in forcing electricity from the 
low to the high potential, from which position it flows round the 
circuit, the eiier^, however, finally going to heat, partly in the con- 
ductor and partly in the cell itself. Should the external circuit 
contain, say, a motor, a certain amount of the energy is utilised in 
mechanical work, hk the bdlame again appears as heat in the 
circuit. 

The whole subject of the heating effects of currents is 
more exhaustively dealt with in Chapter XIII. 

149. Patfl of Energy in the Circuit of & Voltaic 
Cell, - In speaking of the circuit of a voltaic cell and of 
the current in this circuit, it is convenient to speak as' if 
the electrical actions going on were confined to the con-,' 
ducting circuit. It will, however, be understood from 
what has been said in discussing the energy in an elec- 
trical field, that the aether medium surrounding the circuit 
is really the vehicle of*the electrical energy liberated by 
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chemical action' in the cell If the circuit , of the cell is 
not closed the terminals of the cell are oppositdj charged, 
and tubes of' force pass, as shown in Pig. 207, from one 
terminal to the other, and each tube of force is, as 
explained in Art.' 97, the seat of a deinite quantity of 
energy. When the circuit ' is closed these t'ubes ' of force 



Fig."m Fig. 2SB, 


travel outwards from the cell as indicated in Fig. 208. 
As the ends of each tube approach each other along the 
conducting circuit, the energy in the tube dectreases by 
transformation into heat in the circuit. The energy from 
the cell thus passes to any point in the circuit 
the aether, and the conducting circuit through which the 
current is usually said to pass u the circuit along which the 
ends of the tuhes move ; it determines the direction of trans- 
mission of the energy, and is the seat of the transforma- 
tion of this energy into heat. The resistance of the 
circuit must from this point of view be associah‘d with 
the rate of dissipation of energy in the circuit, and may 
be defined, as will be seen later, as the ratio of this rate of 
dissipation to the square of the current strength. In fact 
if the heat, il, be expressed in energy units,” IF, it will be 
seen later that the statement JE' cc PRt (Art. 148) Ixjcomes . 
W and therefore E = U, Wjt^P (Art. 

256 ). 

Foyiiting’'s Theorem treats in detail the prmeipleg oufelineci 
above, and shows that the paths alor^ which the eoeigy pannes 
through the medium into the circuit are the intersectirnii uf the 
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electrostatic ana magnetic equipotential surfaces. In the case of a 
telegraph cable, for example, the magnefeio lines are circles about 
the wire, and the magrmtio 6(|ttipotentlal .surfaces are therefore 
piaues passing through tiie wire : the eleotrostatic lines are radial, 
and (owing to the fail of potential along the wire) the electrostatic 
ecpupoteiitial surfaces are frustra of cones ; the lines of intersection 
of these two surfaces are the lines along which the eleotrioal energy 
travels from the medium into the circuit. 

The student should note that in practice a current is regarded as 
a flow of ** electricity ” (positive) from the j^ositive to the negative 
pole in t\m outside circuit. On the above view the current consists 
of the passage of tubes of force across the field, the positive ends of 
the tubes moving in one direction along the wire and the negative 
ends in the other direction. In a later chapter a current will be 
viewed m a transference of electrons (negative) in the opposite 
direction to that usiially regarded as the “ direction of the current.” 
The student will understand these views better, and be able to 
oorreiafce them, later. 

150. Other Effects of a Current.-— The effect of an eieotrie 
current in stimulating the nerves of a living body belongs rather to 
Physiology than to Physics. 

When electricity under a high and intermittent pressure is 
passed tli rough a vacuum tube a corpuscular discharge, known as 
Kathode raj/s, passes in the tube, and if the tube is suitobly ex- 
hausted invisible rays, known as MMgen or X rays, emanate 
from the tube. The electrically caused Gamma raySy from radio- 
active bodies, are somewhat similar in their nature to X rays. 

When electricity under a high pressure discharges between two 
spheres, say, in air, Hertzian waves are set up under certain con- 
ditions ; these are the waves utilised in wireless telegraphy. Light 
are also of an electrical origin. 

Light waves, Hertzian waves, iC rays, and Gamma rays are all 
electrical in origin, and are really different rates of vibration of the 
oMker; light waves are aether vibrations of a higher rate than 
Hertzian waves, but of a lower rate than X rays and Clam rna rays. 
Kathode rays, on the other hand, are not aether waves, but nega- 
tively charged corpuscles or electrons. 

These radiant effects will be discussed in detail in later chapters. 


, Exercises X. 

Seetion A. 

(1) Explain local action and polarisation, and show how these are 
avoided in BanielFs cell 

(2) Give a brief accounfeof some .theory, put forward to explain 
the action of the simple cell. " ^ 
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(3), Give convenient rules (a) to determine the direction in wliicli 
& compass is deflected by .a current, {h} to ascertain tlie. polarity^ of 
a solenoid carrying a current. 


(4) Describe Leolanoh^’s cell, 
wben it is sbort-oirouited? 


Why does its E.M'/f. ..dimialflh 


Section B. 

(1) You have access to the terminal wires of a hiddtni battery. 

Explain how you would tell which wire was connected to the zino 
and which to the platinum pole of the battery, by observing what 
happened when the wires were connected to the terminais of a 
voltameter containing a solution of silver nitrate. (B. Bh ) 

(2) A vertical partition of porous earthenware is fitted into a 
tumbler, and dilute sulphuric acid is poured into each compart- 
ment. Rods of common zinc and copper are placed respectively in 
the two compartments and connected by a wire. State what will 
be observed with regard to the evolution of gas, and how the (»b. 
served phenomena will be modified when copper sulphate solution 
IS poured into the compartment contai riing the copper rod. |B. 1. ) 

^(3) An electric current (which is the same in all the parts of the 
A ^ trough filled with copper iiilphate. 

A rod of copper is then supported horizontally in the trough, with 
Its length parallel to the direction in which the current is fiowinc. 
How will the rod be affected by the current? (B. ET| 

(4) Two long wires are placed parallel to each other in the same 
horizontal plane and in the magnetic meridian. A niagnetic 
needle capable of turning in any direction about its point of sus- 
pension is placed half-way between them. HtiW will it behave if 
the same electric current flows through the easterly wire from 
to north and through the westerly wire from north to south ? 
[Ine action of the earth on the tnagnefcio needle may be neglected ] 

■’ {B.K4 

Section. ' 0. . 

(1) Explain the meaning of the term, and the cause of, pahmm- 
tion of a voltaic cell Give two instances of the use in of a 
depolariser ; one being an instance of a cell with a single elec 
trolyte, the other of a cell with two electrolytes. (Inufr. B.8o. ) 

(2) An electric current is flowing along a wire. You are Loven a 
pivoted compass-needle, and are required to find out bv it.s ah! 
which way the current is flowing.- How would you pnmml ia\ if 
the we m question lies horizontally, {b) if the wire runs vortioaliv 
fc) if the wire is coiled up m a oircuiar coil or open hank ? 

(Inter, B,Sc» Hons.) 


CHAPTER XL 




FOTTOAMIOTAX DEFINITIONS, UNITS, AND 
THEOET. 

^ 151. CTirrent Strength and Qnantity.-~Gonsi<ier a 
pipe, AB, tiarongh wixioli water is flowing steadily from A 
to B, Some idea of the strength of this water current 
may be obtained from a statement of the quantity of 
water entering A, leaving B, or passing any section of the 
pipe in a definite time, say one second; in short, the 
strength of the current may conveniently he defined as 
the rate of Jlow of water through the pipe. Accepting 
then, this definition, the toted guantity fiow%ng past any 
section in a given time will obviously be obtained by the 
product of the current strength and the time in seconds. 
Further, when the pipe is quite full, the quantity entering 
A per second must be equal to the quantity leaving B or 
passing any section of the pipe in that time, however 
uneven the bore may be ; that is, the current strength is 
the same at all parts of the pipe, 

have their electrical analogies, 
is defined- as the quantity of 
electricity passing any section of the conluctSr per 
second, i.e, as the rate of flow of electricity in the 
circuit, and the total guantity which passes in a stated 
period is given by the product of the current strength and 
the time in seconds*, stated algebraically, if I denotes the 
current strength and Q the quantity transferred in i 
seconds, ^ I = a/f and Qzzzit. Further, the current 
strength is the same at all parts of a simple conductor, but, 
as we have seen, there is a fafl of potential in the 

direction in which the current is flowing. 

, M. ATO B, 31 , 2 ? 


S2 ' unitb^ ahd theory* 

■: In: Art. SO the O.G.S*, or absolute eleotrostatfo nniit quantity 

has been defined, and if the quantity Q be measured in those units, 
the ratio Q/i will be the current strength in electrostatic units; 
thus i/je G.G.S, ekctroataiic unit current is that current m which an 
elecirositUic unit ^wmtity of electricity u conveyed across erxch section 
of the conductor in om second. For reasons whicli will appear later, 
the electrostatic units are unsuitable for measureomiits in current 
electricity, and others, known as electromaymtic units 

(and “jjmcrica^ wis”) are employed. 

We have referred to tiie magnetic eilectB of a current, 
and in tbe present branch of oui- subject a current is 
measured in terms of the intensity of the magnetic field 
produced at a given distance from the cunduetor {carrying 
the current. Consider a wire bent into a circle of radius 
r arbitrary units, and carrying a current of strength 1 
arbitrary units ; investigation shows that the intensity, F, 
of the field at the centre of the circle (Le, force in dynes 
on unit pole) is— 

(a) directly proportional to the current I; 

(h) directly proportional to the length, %7rr, of the cin. 
cular conducting path ; 

(<j) inversely proportional to the square of the radius, r, 
or, stated algeforaiGallj — 

F r , r * 

where JL is a constant depending only on the units 
adopted. 

Now let the unit current be so chosen that with r in 
cm. and I in these units the constant A becomes unity in 

the above, so that = in which case, if I be unit 

current and r be 1 centimetre, F will be 2r dynes ; henoe, 
The ,0.<3*.S. electromagnetic unit current m that 
which, towing in a. single circular coil of I centi- 
metre radius, exerts a force of 2w dynes on a unit 
pole at the centre. 

Again, since is the circumference of a circle of 

radius I cm., if we consider the force due to unU kmjik of 
the coil, we find that it is 1 dyne; hence — 


I 
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; ■ eleotiromag- ' The practical tmit cttr- ^ ■ 

aetic unit current is that rent is the ampere, which 
which, lowing in a wire is of the electromagnetic 
one centimetre long Tbent umt; in the case opposite, 
into an arc of one centi- the ampere would exert a' 
metre radius, exerts a force of *1 dyne on the unit 
force of one dyne on unit pole at the centre, 
pole at the centre, 

1 electromagnetic current unit = 3 x 10'*^ electrostatic current units, 

1 ampere = ^ e.m. unit = 3 x 10® electrostatic units. 

Since Q =: unit current flowing for unit time will 

result in the transfer of unit quantity ; hence— 

The 0.0.8. electromag- The practical unit 
nettc unit quantity is the quantity is the coulomb 5 
quantity conveyed by the the coulomb is the quan- 
electromagnetic unit cur- tity conveyed by one am- 
rent in one second. pere in one second. 

1 electromagnetic quantity unit 

= 3 X 10^® electrostatic quantity units. 

1 coulomb =s e.m. unit = 3 X 10® electrostatic units. 

The above are the exact definitions of the electro- 
magnetic units of current strength and quantity and of 
the true ampere and true coulomb, but the chemical 
effects of a current may be utilised to provide convenient 
working definitions of the various units, and this is the 
method adopted by the Standards Committee of the Board 
of Trade in its legal definition of the ampere and coulomb. 
Thus consider a copper sulphate voltameter (Art. 147) 
with copper electrodes : on passing a current copper is 
deposited on the kathode, and careful experiment has 
established the facts 

(a) That one ampere in one second deposits *0008293 
gramme of copper ; 

(b) That the chemical action is proportional to the 
current strength ; 

(c) That the chemical action is proportional to the time 
the current flows. 
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■ Thus from (a) ■above we have the con veaieut 

, definition ^of' -what is ■referred to as the international 
ampere, viz.^: — The mternational ampere is that 
steady current which, flowing througli a solution of 
copper' sulphate, deposits *0003293 gramme of 
copper on the kathode in one second. 

The Standards Committee recommentls the iim of silver 
nitrate as the electrolyte, and the legal clefinit.ir>ii of the 
international ampere is : — The international ampere is 
that unvarying current which, when passed through 
a solution of nitrate of silver in water, deposits silver 
at the rate of '001118 of a gramme per second. 

The international ampere was, of coiirso, iiifonded to he 
a practical realisation of the true ampere of J /IO absolute 
unit, but to be exact it is just a Dertj Uiile less tlian the 
true ampere (about *025 per cent.). For experimental 
and calculation purposes this slight diiference may he 
ignored and the true ampere taken as depositing *001118 
gramme of silver per second, or *0003293 gramme of 
copper per second, and the electromagnetic unit current as 
depositing *01118 gramme of silver per second or *003293 
gramme of copper per second from the respective solutions. 

Again, since unit current flowing for unit time gives the 
transfer of unit quantity, the international coulomb is 
that .quantity which liberates *0003293 gramme of 
copper from a solution of copper sulphate and 
•001118 gramme of silver from a solution of silver 
nitrate. Further, neglecting the slight diilenoice men- 
tioned above, the true coulomb may, for calculation pur- 
poses, be taken as liberating *001118 gramme of silver or 
*0003293 gramme of copper, and the electromagnetic unit 
quantity as liberating *01118 gramme of silver or *003293 
gramme of copper from the respective solutions. 

Another quantity unit, the ‘‘ampere-liour,’* is employed. An 
amp'ere-hour is the quantity conveyed by a current of one 
ampere flowing for one hour (1 ampere-hoiir = .ICIHJ 

It will be seen later that the existence of a natiu*al unit of 
(negative) electricity— -the .electron— -lias been chsarlv estahljHlit'-d ; 
quantities smaller than this cannot be obtained. mt m-al unit 

quantity or “ atom of electricity Is equal k> 4'05 x lir*’*** eleetrt,»- 
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Static quantity, units, or 1*55 x lO"**® electromagnetic quantity 
units, or 1*55 X 10”^,® coulombs. 





From the preceding it follows that if a current of J am- 
peres flows through a solution of copper sulphate for t 
seconds, and if w grammes of copper be deposited on the 
kathode, 



w = *0003298 X J X 


•0003298 X 


an expression from which, knowing w in grammes and i in 
seconds, an unknown current of I amperes maj be deter- 
mined. 

The cLwiount of an ion liberated in electrolysis by unit 
current in unit time, i.e. by unit quantity, is called the 

electro-chemical equivalent'^ of the ion; thus •008298 
and 0008293 are the absolute (or C.Gr.S.) and ampere 
electro-chemical equivalents of copper respectivelj. Hence, 
if 2 denotes the electro-chemical equivalent of an ion, the 
formulae previously given may be put in the general forms 


(1) w = zli-, (2) w=:zQy (3) I = (4) Q = 

zt z 


1S2. Preliminary Note on Units of Energy and 
Power.— We have frequently referred to the dyne as the 
e.G.S. or absolut e unit of force, and to the erg as the 
e.G.S, or absoIiTte u nit of" work or enerery. ’ The erg, 
being small,"'ria5g®^unrroI'ener^7Kow^ joule, la 

often employed ; it is equal to 10,000,000, i.e. 10’ ergs. 

i" owBT is defined as “ rate of working,*^ i.e. it is measured 
by the work done in unit time. The G.G.S. or absolute 
unit of power is one erg per second, but the larger unit, one 
joule per second, is often employed; it is known as the 
wait. It is shown in Chapter XXI. that the relation between 
the watt and the British gravitational power unit, viz. the 
korse-jiower, is that the horse-power is equal to 746 watts. 
Still larger units of energy, viz. the watt-hour (3600 joules 
or 3600 X 10’ ergs) and the kilowatt-hour (1000 watt- 
hours), and a still larger unit of power, viz. the kilowatt 
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(1000 watts =?: 1000 joules per sacoud), are also employed 
in electrical' work. 

These Tarious units of energy and power are deined 
from an electrical standpoint in Art. 1 56. 

iS3. Potential Bifference' "(P.B.) and Blectro- 
motive Force (E.M.F.). . IrreversiM© and Beveraihle 
Energy Transformations.— In Chapters ¥. and ?I. po- 
tential has been defined as that electrical condition which 
determines the direction in which electricity will fiow, and 
it has been shown that the P.I>. in eiectrostetic units between 
two points is represented numerically by the work done in 
ergs in the transference of the electrostatic unit quantity 
from one point to the other. Similar reasoning ap|>lies to 
the present branch of the subject. As a simple illustration 
consider two points A and B in a simple wire through 
which a current is flowing in the direction A to B, and in 
which, therefore, A is at the higher potential. The con- 
ductor AB is heated, and by the law of conseryation of 
energy this heat must have been produced at the eipense 
of an equivalent amount of energy which has disappeared 
from the electric circuit ; we have in short an energy iram- 
formation between the two points, electric energy being 
transformed into heat energy. 

. Imagine, now, that the electromagnetic unit quantity 
(i,e, 10 coulombs) passes from A to B and that w ergs Is 
the energy which, in this case, is subtracted from the elect ric 
circuit and appears as heat ; the P.D. between the two points 
is w electromagnetic units of potential. If the unit quan- 
tity is /orced from a low to a high potential work must l>e 
done on it, and energy is added to the electric circuit ; hut 
in either case the P.i). in electromagnetic nnifs between 
the two points is represented numerically by the amouni 
of energy transformed in ergs when the electromagnetic 
unit quantity passes between the two points, and tlierafore 
if the energy , transformed be one erg the F.I). is one 
C.G-.S. electromagnetic unit of potential 

The practical unit is the volt, which is equal to 10® elec- 
tromagnetic units. Clearly if the F.D. be one volt the 
energy transformed will be 10^ 'ergs when the electro-^^ ' 
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Mgnetic ' m^ qiiantitj' passes, and ■ therefore of lO®, 

i.«. 10^ ergs or me jonhy whm om coulomb passes. 
Hence-— 


The F.B» between two 
points Is one C,G-,S. elec- 
'tromagneti e unit" ' if the 
inirgy "ir^sformed .gg 
one elec- 

tromagnetic unit quan - 
tity passes. 

I eleotromagnetio unit = 


The practical ' unit is 
the ^It. The F.B. be- 
tween^'^wo points is one 
volt if the energy, trans-' 
formed is one i onle when 
one coulomb of • electri- 
cit y passes. . 

- — —Tnir electrostatic unit. 

3 X 10^0 


1 volt = 10* e.m. units 1/300 electrostatic unit. 


The international volt {which. i& just a little bigger 
than the above true volt of 10® e.m. units) is defined in 
Art. 154 

The P.B. between two points is, in practical work, some- 
times called the “ pressure and sometimes the “ voltage 
between the two points. 

Another term in f requent use is “ electromotive force,” 
referred to in Art. 143. To illustrate its meaning further, 
consider a battery on open circuity i.e. with the outside 
circuit disconnected ; imagine an electrostatic voltmeter 
joined to its terminals and that the reading is 50 volts ; 
this measures the total pressure it is capable of developing 
and this total pressure given hy the F.D, at its terminals 
on open oiremi is the electromotive force (E.M.E.) of the 
battery. If the outside circuit be now switched on, the 
voltmeter reading will fall by an amount depending on 
circumstances ; imagine the reading is now 47 volts ; this 
measures the terminal P.D. under present conditions, i.e, 
the volts used in driving the current through the external 
circuit, the other three volts being used in driving the 
current through the i? 2 ,lernarcircuit, t.e. through the bat- 
tery itself. Thus the E.M.P. of a battery is the total 
pressure it is capable of developing and is .measured 
by the F.D. at its terminals on open cirenit. 

When the current fiows the terminal P.D. may be any- 
thing according to circumstances, hut it is always less than 
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ihe BM.F. To' express the facts ' algehraicallj, if M volts 
be the E.M.F., e volts the terminal P.I). when the outside 
cireuit is closed, and F the volts used in driving the 
current through the battery itself, 

= c -t- F, e == E F and F == E — e, 
as was stated in Art. 148.* 

All these points in connection with the working of a cell (or bat- 
tery) may probably be more easily understood by considering the 
following hydrostatic analogy, l^t ABOD' i'Fig* 299) represent a 



circuit of pipes filled with water and liaving a stop-cock at T and a 
small paddle-wheel at W, By rotating the paddle- wheel the water 
can, \men T is open, be driven round the circuit in the direction 
GJOAB ; but if 2^ is closed, then no current can be produced, but 
the water is driven into the tube DA until the pressure due to the 
difference of level in the tubes DA and OB m sufficient to balarjce 
the force exerted by the driving wheel at W, The left-hand draw- 
ing in Fig. 299 indicates this case, and the difference of level {B} Is 
a measure of the driving^ force of the paddle-wheel When, how- 
ever, the cook T is^^eScTan^ a current established in the circuit, 
the levels in the tubes DA and OB change in the way sijown in the 
right-hand drawing of the figure, and differmct of level in the 
vertical tubes is now considerably reduced. The work done by tlie 
paddle-wheel is now spent in driving the current of water round 
the circuit, and the difference of the levels at A and B {e) is a 
measure of that portion of the driving force of the wheel which m 
spent in driving the current through the tube AB, 

Now this hydrostatic . arrangement roughly illustrates the action 
of a voltaic cell— the pressure exerted by the paddle-wheel at If 
corresponds to the electromotive force of the cell ; and if JB repre- 
sent the external portion of the circuit; the difference of levels at 
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A 'md ^ represents the difference of potential at the poles of the 
cell. Hence we see that when the oironit is open and no current 
flows, the potential difference at the poles is a measure of the elec- 
tromotive force of the cell ; but when the circuit is closed, it is only 
a measure of that portion of the electromotive force which is spent 
in driving the current through the external portion of the circuit. 

The preceding explains what for practical purposes may 
be taken as the distinction between F.D. and B.M.F. j 
the latter term should he used whm referring to the total 
pressure developed^ which total pressure is given hy the P.D. 
between the terminals on open circuit, the former when re- 
f erring to the pressure between two points of the circuits 
The true distinction, however, between P.I). and E.M.F. 
will be gathered from the following considerations relating 
to reyersible and irreversible energy transformations. ^ 

We have seen that when a current flows along a simple 
conductor an energy transformation takes place, energy 
being subtracted from the electric circuit and appearing as 
heat. If the same current flows for the same time in the 
opposite direction the same energy transformation takes 
place and the same amount of heat is produced. Such an 
energy transformation is therefore said to be irreversible. 
It should be noted that in both cases energy is removed 
from the electric circuit and in both cases there is a fall of 
potential in the direction in which the current is passing. 

Consider now a DanielFs cell giving a current. In the 
cell this current flows from zinc to copper, zinc passes from 
the zinc plate into solution and copper is deposited on the 
copper plate from the solution. The dissolving of the 
zinc liberates more energy than is required to deposit the 
copper, the surplus energy being added to the electric cir- 
cuit, and there is a rise of potential in the direction in which 
the current is passing, i.e. the copper is at a higher potential 
than the zinc. Now imagine that another generator sends 
a current through this cell from copper to zinc. The actions 
will be reversed, copper being dissolved from the copper 
plate and zinc being" deposited on the zinc plate. The dis- 
solving of the copper liberates less energy than is required 
to deposit the zinc, the deficit being subtracted from the 
electric circuit and there is a foM of potmtM in the direction 
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'■ in which the^ current u pmeing. In this example t'he action 
: of one current is exactly roTersed by an equal opposite cur- 
rent and the energy transformation is said to be revei?- 
siMe, :■ Now — 

(a) Whenever a potential diiference,e»sfc8 between two points in 
a oironit an energy transformation occurs between them. 

{h) If iht tmrgy tramforrmtion in comphUly rtwjrdhlt (he poteMial 
difference is spoken of man electromotive force* The It M. F. m direct 
if energy is added to the electrio circuit, and it is inverse or back if 
energy m subtracted from the oirouit. Thus the F.M. F. of a cell is 
really measured by the energy it provides in reversible processes 
when unit quantity passes, and a back FIM»F. is measured by the 
work done reversibly at .the expense of the energy of the circuit 
when unit quantity passes. ^ The algebraic sum of the direct 
B.M.F/S and back E,M F/s is the resultant pressure, more often 
spoken of as the resnltamt 3Ei.M*S”. 

(c) If the energy iransforrmJtim is completely irreversible we i^peak 
of the potential difference betiveen the two points ; if partly reversible 
and partly irreversible we also speak of the potential difference 
between the two points. 

Of course two points may be at the same potentiedf yet IliLF/s 
may exist in the paths between them. Thus, if A and B be the 
poles of a battery of, say, two similar cells in series, G the mid-polnl 
of the battery and I) the mid-point of the connecting wire, then 0 
and p are at the same potential but there is an E.,M.F. in CAD' 
and in CBD^ and a P. I), between A. and D and between B and IX 
Practically we may say in general that if a current is flowing from 
X to 7 there is an energy transformation, the P.D. beirig equal to 
the energy so transformed per unit quantity. Any back E M.F. in 
XY equals energy rct;er8f% transformed per unit quantity and if 
this be negative (i. A other forms reversibly transformed to current 
energy) it equals direct JB.M.F. 

154.. .Besistance tod.^ Condactaucf TIic resistance 
of a body may be defined in a general way as that pnqmriy 
of it which opposes the flow of electricity^ but more precise 
definitions are as follows. 

Consider first a 'simple^ conductor, say a wire, through 
wMcb a current is passing, and in which, therefore, we 
have the process, the production of heat. 

Experiment (and theory) shows that the heat, in energy 
imits, iS' proportional, .to the square of the current and the 
time, and it depends also on the material, dimensions, etc., 
of the conductor. In symbols — 
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WocPtzzBPi, 

wlier© IF is tlie keat energy, I the current, ^ the time in 
seconds, and E is a factor depending on the material, etc., 
and known as its resistame. If I and t be each unity, 
IF = ,5 ; hence — 

The reBwiance of a wire (temperature uniform) u repre- 
Bented numerically hy the heat^ in energy unite, developed 
in one second when unit current passes \ or, more general — • 
The resistance of any conductor is represented numerically 
by the heat, in energy units, developed in one second by 
irreversible processes when unit currerd passes* 

If IF/J, and ^ be each unity, E is tmity ; hence-— 


The practical nnit is 
the ohm. The resistance 
of a conductor is one ohm 
if the heat produced per 
second by irreversible 
processes when one am- 
pere paases is one joule. 


The resistance of a con> 
ductor is one C.0,S. elec- 
tromagnetic unit if the 
heat produced per second 
by irreversible processes 
when the electromagnet- 
ic unit current passes is 
. one erg. 

Since a current of 1/10 abaointe unit produces in the ohm ergs 
of heat per second, if R be the value of the ohm in absolute units 
10^ = RiljlQf otR^ 10», ».A 

1 ohm =5 10® eleotromagnetio units. 

Another definition of resistance is important. Again 
consider a simple wire with a steady P.D. between two 
points A and B ; a certain steady current will be flowing. 
If the P.D. be altered in magnitude the strength of the 
current will also be changed, but experimentally it can be 
proved that if the temperature of the wire be kept constant 
the' ratio of the P.D. to the current is constant ; this constant 
is called the ** resistance of the part AB of the wire ; stated 
'■algebraically — 

Potential diSerence _ ^ constant = resistance, 


Current 


E 

I 


E, 
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wtere ^is tlie.P.B., J the omTeat, and M the roHistaiice. 
This formula is also true for a completa circuit, in which 
5 is the resistance of the circuit, I the current, and M the 
resultaal he. the algebraic sum of direct 

E.M.P.'s and back B.M.F.’s. 

If J and I be each unity, E is. unity ; lienee— - 


A conductor has a re- 
sistance of one 
electromagnetic unit if a 
P,B. of one electromag- 
netic unit applied to its 
ends causes a current of 
one electromagnetic unit 
to flow through it. 


„i A conductor lias a re- 
; sistance of one f'true ohm 
I if a P.D. of one (true) 
! volt applied to its ends 
I causes a current of one 
i (true) ampere to flow 
. through it. 


1 'volfc .. : ■ 10^ e.m. unite 


10® e.m. units. 


1 ampere 1/10 e.m. ursit 
The international, ohm, which was intended to Ib a 
practical realisation of the above true ohm of 10^ e.in. 
units (but which is really jmt a Utile bigger) is de.iiiifid by 
the Standards Committee as follows : — The international 
ohmds, the resistance of a column of mercury 106*3 
cm. long, 1 sq,. mm. in cross-section (mass 14* #$21 
; the temperature of melting ice. (Bee Arts. 


Condu ctance is the reoiproeal of resistenc©: thus a wire of 

resistance M has a condiiotauee 1/5. The practical unit ig the 
mho, which is the oonduotanc© of a foody of rasistersce one ohm. 

From the relation Mjl =s 5 it follows that if two of these 
unity the third is unity; hence: (I) the true volt is the P.!). 
which must exist at the ends of (say) a wire of resistanr'® one true 
t passing may be one true ampere ; 

IS'the ,P.,.D. which, »m,»t 'exiit ' at" 

of ■ resiatan" 0 © " o.n© , International ■ ' 
current may he one iateraatio,a»l 
The true and international amperes and the true and 
international ohms may be similarly defined. 


/: 


1S5. Ohm’s Daw.— This important law 1ms already 
been .given in dealing mth the second definition of resist- 
ance (Ajrt, 154) ; taking first the case of a simple con- 
ductor, it may be briefly stated as follows : — 
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If tlie teMf eratnre of a conductor Ije feept constant 
the ratio of the steady direct P.B. applied to its. ends 
to the steady direct current fLowing* through it is 
constant ; this constant measures the resistance of the 
conductor, hence 

Potential difference . . ... . , 

a, constant = resistance, 

. Current 

t.e. ^ - H, JS=IIt and 1=^. 

JL lit 

With regard to units, if W in the last expression be in volts and 
B in ohms, then / will be in amperes ; whilst if E and B be in 
electromagnetic units / will be in eleotromagnetio units, and so 
with the other expressions. 

To take the more general case, let B denote the re- 
sultant E.M.r. in a circuit (i.e. the algebraic sum of the 
direct E.MJh’s and back B.M.F.’s), I the currents, and B 
the total resistance. The net energy provided by the 
reversible processes is BQ, i.e. Bit, where Q is the quantity 
transferred in time t (Arts. 151, 153). The energy repre- 
sented by the irreversible heat production h PBt ; hence 

Bit^im, 

i.e. B=IB, ^ -B, and I = 

We can thus apply the above results to the whole or 



Fig, 299o. . 


part of an electric circuit. Taking, for example, Fig. 299a, 
let B volts be the E.M.F., t.e, the driving influence for the 
whole circuit, e volts the terminal P.D. which is utilised 
in driving the current through the external circuit of 




resistance M ohms,, and V the volts used in driving the 
current through, the internal circuit of resistance r ohms, 

. E.M.F. E 


Total resistance 
Terminal P.B. 


'r-f 
E* 


External resistance 
J — luternal fall of pote ntial 
Internal resistance 


156. tTnits of Electrical Energy and Power. — ^The 
absolute unit of energy is the erg, which (Art. may 
be defined as the work done (or enertjy iramfoYmpAl) he- 
tween two fointe of a conductor when the P. D, between the 
points is one electromagnetic unit and the electromagnetic 
unit quantity passes. If the F.D. be E e,m. units and one 
e.m. unit quantity passes the work done will be E ergs ; if Q 
e,m, units pass the work will be EQ ergs, and if the Qe,m, 
units be transferred by a current I e.m. units ini seconds 
Q is- equal to It and the energy transformation is Bit 
; hence, employing electromagnetic unite— ■■ 


Energy in ergs = Eli = PM = 

M 


being the time m seconds. 

If the P.D. be one volt (10® e.m. units) and one coulomb 
(1/10 e.m. unit) passes the energy transfi>rmation is 
clearly 10^ ergs; this is taken as the practical unit of 
electrical energy and is called a joule ; hence a joule is the 
work done {or energy tramf armed) beticeen two points of a 
conductor when the P,E, "between the points is one volt and 
one coulomb of electricity passes. Clearly alsi), if we em- 
ploy practical units— volts, amperes, ohms — 

Energy in joules = 

time in seconds, 

the P.D, be one volt, the current one ampere, 
time one hour, the energy transformation will be 
. this is another practical energy unit, called a 


Eli 


PM 
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watt-lioiir ; hence a wcdUhour is the work done {or energy 
transformed) between two points of a conductor when the 
P.D. between the points in one volt and one ampere flows for 
om hour. Clearly if we employ practical units — ' , 

Energy in watt-hours = BIT ’=.PET = ... (3) 

P being the time m Aows, 

A still larger practical energy unit is the Mlowatt-houi?, 
kelvin, or Board of Trade unit; it is equal to 1,000 

watt-hours. 

Power \b “ rate of doing work,” and the absolute unit is 
one erg per second ; it may be defined as the power in a 
circuit when the F,I>, is one e.m. unit and the e,m, unit 
current is passing. Putting t equal to unity in (1) above 
and using electromagnetic units, we obtain the three 
expressions for the power in absolute imits. 

Eeferring to (2) above, if B and I be each unity the 
rate of work is one joule per second 5 ^ this is adopted as 
the^mctical unit of electrical power, and is called a watt ; 
hence a watt is the power in a circuit when the P,D, is one 
volt and one ampere is passing ; it is equal to 10’ ergs per 
second or 1/746 horse-power. Putting i equal to unity in 
(2) and using practical units. 

Power in watts = DJ= PE = ~ (4) 

jK 

A still larger practical unit of power is the kilowatt, 
which is equal to 1,000 watts. 

The reader should note that the watt and kilowatt are 
units of power, the watt-hour and kilowatt-hour units of 
work or energy. 


157. Conductors in Series and in Parallel. — If 

several resistances, r^ 
be arranged in series (Fig. 300) 
the total resistance B is clearly 
their sum, i.e. P = rj -f -f Fig. SOO. 

Consider now a number of resistances (say three) 


r, Tg r»3 

» ^AAAMsiii^>-^ V\/VU 
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joined in parallel (Pig. 301), and let E denote the P.T). 
between A and B. Then 
E 


Current in r, = — , Current in 


W 

: — Ciirreatiii 


IP ™ IP 

Total current = 4 - — + -i. , 

r, n ' r. 


Total ciirrenlv: 


1 M 

Let E denote tiie joint resistance of fj, fj, ; tlien 

W ■ 

e: 

B ” 

i. 

E ' r, 

If the resistances are each equal to this Iwomei 

i= 1, i.e. jj= In, 

and, similarly, joint resistance of n eqnal teBuimm i» 
parallel is i of the resistance of one of them. 


c 

Fig. 301. 


E E , .E 

"I"* 1" f 

»•. n n 

1,1.1 
-+ — + 


In the case of two resistances in parallel 

1 1.1 r, + r, . r. nn 

B 


- + ir--T5^- 


i.e. the joint resistance is the p)Toduct of the re$wtanee$ 
divided hy the sum of the resistances. 

Whilst the current is the same at all parts of a simple 
(series) circuit, however the parts differ in resistance, in a 
parallel arrangement the current divides directly as the 
conductances^ and therefore inversely m the resistanceB ; 
thus, taking the wires a and b of Pig. 301 — 


Eesistance of h 
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Example. Three wires A, B, 0 of % 4, and 6 ohms mistoce 
respectively are arranged in parallel, and the total current passing is 

amperes. Find the joint resistance and the current in each wire. 

If = joint resistance — ' 

1 - ^ j. 1 1 ^ + 3 + 2 _ 11 . _ 12 

R 2 4 6 12 12’ 

Again — ■ ^ # 

Current in A = of 22 amperes = 12 amperes 
„ „ -S = ^ of 22 „ =5 6 „ 

„ „ C=^\of22 „ = 4 „ 

v"'"’’"'"' 158. Eaws of Kesistance. — Experimeiital' Teriflca-^ 
tioas of tlie principal laws which follow are dealt with in 
Chapter XYI. 

(1) The resistance of a conductor is directly proportioned 
io its length and inversely proportional to its area of cross- 
section. The latter part of this statement is important ; 
thus, if one wire has twice the cross-section of another of 
the same material and length, the thick one will have half 
the resistance of the thin one. 

(2) The resistance of a conductor depends on the material. 
Thus a piece of platinum of given dimensions has 6*022 
times the resistance of a piece of silver of the same dimen- 
sions. 

(3) The resistance of a substance depends on its mole- 
cular condition, density ^ purity, hardness, etc. A decrease 
in the density of copper has been shown to result in in 
creased resistance. Wires subjected to mechanical straii 
have been found to increase in resistance. In general 
resistance of an alloy is much greater than that of the sub 
stances forming it. Annealing diminishes the resistance 
of metals. The resistance of a rod of bismuth is consider- 
ably affected by a magnetic field, especially if the latter be 
transverse to the rod ; thus in an experiment due to Hen- 
derson the resistance of bismuth was increased 3*34 tii 
under a field of 38,900 O.G.S. units. This effect o; 
niutli is utilised for the measurement of magnetic 
Selenium decreases in resistance when 

‘ The resistance of tellurium and carbon ii 


28 
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(4) The resistance of a substance depends on Us tempera-' 

ture. The following are the main fa<‘ls — 

{a) Metals. — These increase in reHlBtanco when heated, and d©~ 
orease when the temperature is lowered U Rt denote the resist- 
ance of a wire at f G. and R^ its resistonce at O ' C., 

where a and § are constants for the same wire, but slightly difFereiit 
for different materials. For calculatioiis the simpler relation 
E# = Ea (1 + ao 

may be employed ; a is known as the temperature coefficient, and 
may be defined as the inermse in unit remtance per unit rm in 
temperature {(f OAo T (7.). In the ease of pure nieiaU a niay be 
taken as equal to *0038 ; for mercury its value is nearlyr 

It has long been surmised that at the absoItUe ^.ero of temperature 
{— 273*7“ C.) the resistance of all metals wmild bo nil^ this being 
based on the assumption that the laws of variation of resistance 
continued to hold at very low temperatures. Dewar, however, 
found that at - 250“ C, the decrease in the resistance of platinum 
on cooling was not so marked as at - 20if C. , and Dr, Harrison’s 
experiments appeared to show that at - 2r>:f C- the resistance of 
iron was somewhat greater than at - 191® O. On the other hand, in 
some recent experiments, Kamerlingh Onnes finds that at the tem- 
perature of liquid helium the resistance of certain pure metals k 
less than one-thousand-millionth of the values at & G., which is 
considerably less than if it fell in proportion to the absolute tem- 
perature. 

(6) Alloys. — M ost alloys increase in resistance with temperature, 
but not to the extent that pure metals do. 3fan/pinm increases in 
resistance from 0“ 0. to 35® G., after which its temperature coefficient 
becomes negative, but the variation is so small that it may be neg 
leoted. German silver has a temperature eoeffioiant of alx>ufe *(KK144, 
i.e. I that of pure metals, whilst for Platinoid the coefficient is only 
one half of this, viz. *00022. Platinum silver ^ Remstu^ and EurebA 
are other alloys with low temperature coefficient®. 

(c) Caebon, Electeolytes, anp iNSPLATO'Ka.— These decrease In 
resistance when heated. The cold resistance of a carbon filament 
lamp is from 1*6 to 2*4 times the hot resistance under full voltage. 
The resistance of gutta-percha at 0“ 0* is about 24 times its resiair 
ance at 24® 0. The 'decrease in the resistance of an electrolyte is 
of the order 2*4 per cent, for a rise in temperature of when the 
temperature is 18 “ G. (Chapter XIV,). 

t)©/6XplBSSM, 

( 1 ) 
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where E is the resistance of the conductor, I its length, a 
its cross-sectional area, and /Sf a factor depending on the 
material and known as its specific 'resistance or' resis- 
tivity ; the reciprocal of 8, viz. IjS, is referred to as the 
sjiecific conductivity. If I be one centimetre and a one 
square centimetre, E is equal to 8 ; hence the specific re- 
sistance of any material is the resistance of a piece of it one 
centimetre in length and one square centimetre in cross- 
section^ i.e. the resistance of a cube of one centimetr e side ; 
frequently 8 is expressed in termFofthe ' ihcS cube..f ai%t , 

Consider two wires of circular section. Let Ri8iliai apply with 
their usual meaning to the first wire and to the second; 

let 'di be the diameter of the first and the diameter of the second 
{a = Tr* = ^7854d®) ; then 

S 

El _ ^ ~ El X X 02 _ El X ?i X (^2)^ ^2) 


Cm. 

dcr 


Ea S 2 - 


/Sfa X ^2 X Eg X I 2 X (di)’^ 


% 


The oross-seotion is sometimes given in terms of the mass and 
density (mass per unit volume) of theoonduotor. K w be the mass 
iity, the volume of the wire is lo/p ; but the volume is 


and p the density, 
a X li hence 


and substituting in (1)- 


ss n. and a = • 


E==E 




Again, extending (3) to (2), 


Eg 


El 


«?a 

Pih 


sl^IL 


Eg X ^2 X 


3- 

Pih 


^x-Q. X 
Eg Pi 




(3) 


(4) 


(5) 


and if the wires be of the same material and density 

^ X (S) 

Eg ^g'^ 

All these results are useful for calculation purposes. , 

1S9. Insulation Resistance of a Cable. Let J 
the length of the cable, 8 the specite f 

electric or insulating covering, and r, and the external 
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and internal radii of the insulation (Fig. 302) ; let € be, a 
layer of insulation of infinitely small thickness dr and 
radius r. For the resistance of this layer, say we 
have 


and for the total insulation resistance M 


TaMng two cables of lengths and insulated with the 

same material and having the same values 

of n and n, 


i.e. the insulation resiBiamcm are tnverseif/ 
as their lengths; thus, if "the insulation 
resistance of a cable is 600 megohms per 
Fig. 302. ] 3 alf ^ insulation 

resistance of 1,200 megohms. Further it 
should be noted that if two cables be joined end to end 
the conductor resistances are in series, hut the imnlatim 
resistances are in parallel. 


160 . Crronping Similar Cells. 

(1) SEams Geoupinq (Pig. 303).— la this gn 
mg the negative pole of one coll is joined to the posi 
pole of the nert. If there are ,w cells each of P.M.f 
and resistance r, the combined E.M.P. is nE and the t 
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mternal resistance nr ; hence, if I be the current and M the ' 
external resistance, 



Jz= , 

nr -f E' 

Extreme Oases. — (a) If the 
external resistance be very 
large compared with the in- 
ternal, the latter may be neg- 
lected and I = nE/B j this 
is n times the current that 

one cell would give, (h) If the external resistance be very small 
compared with the internal, the former may be neglected and 
/ s=E/r ; this is the current whichone cell alone would give. Thus 
a series grouping lends itself to a large external resistance. 

(2) Parallel G-bouping 
(Fig. 304). — In this group- 
ing all the high potential 
plates are connected, forming, 
as it were, one large plate, 
and similarly all the low po- 
tential plates are connected. 
Since the B.M.F. does not 
depend on the size of the 
plates the combined E.M.F. 
is simply that of one ceil, 
viz. E, The total internal 
resistance is, however, 1/n 
that of one cell, viz. r/w-, and 
the external current J is 
given by 

B 



~ + E 


Extreme Oases. — (a) If the external resistance be very large this 
becomes J?/5, the current which one cell alone would give, (b) If 
the external resistance be very small / becomes nEjr ; this is n times 
the current that one cell would give. Thus a parallel grouping 
lends itself to a low external resistance. 


Mixed Gbouping 
' of the' preceding cases, 


(Fig, 805), — ^Using the facts 
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(a) E.MJ\ of 'eack row = 4.E. 

" Resistance- of each row -== 4r.,, 

(h) E.M.P. of B rows in parallel = -ill , 




Resistance of B rows in parallel 


Hence 




Wig. 805 . 

rent is giren bj 


If there are n cells in series per row 
and m rows in pamilel, the external cur- 


(4) Q-roupiho fob Maximum Cubeeht,— DiYidiag 
numerator and denominator of (B) bj e, we haYe 

-r — ■ 
m n 

The numerator is constant, hence I will lie a maximum 
when the denominator is least. But the latter is the sum 
of two terms whose product is constant, and therefore will 
be least when the terms are equal ; hence I will be a maxi- 
mum if 


Thus to secure the greatest current the resistance of the 
battery (nr/m) must he made as near as possible equal to the 
external resistance (R). 


Prom the relation 


B we get 


= nmB = pBf where p = total number of cells, 
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" ■ Henc© tto fms&immn onrrent given by jj-ed tlie ** cyclic 
E.M.F, E and resistance r) to an external resm each mesh 

„ . ^ nEnE flow, all 

Maximum current = = 

H + J2 22J 


2 Br 


Examples* (1) Find the arrangement for maximum current in the 
^cme 0f24t celU each of resistance A ohma^ the extermd resistance being 
§ ohms* 

nw = 24, ,\m=i2Aln, 
w . 
m 

^ 6m ■ 6 X 24 


Now 


R or nr = mR^ i,e. 4a = i 


4n 


i.e. a* = 36 or n = 6. 


The arrangement required is therefore 6 cells in series per row 
and 4 rows in parallel. 

(2) Find the minimum number of cells each of E,M.F. = E and 
resistance = r tchich will supply w watts to an external resistance R* 
The current must be the greatest which the required numj^er (p) 
of ceils can produce. If / be this maximum current, 


PR s w,, p zz 


But 


Hence 


j==E.\/p_ 

2^W 


?i £- . 

4 Rr 


w 
i? ’ 


i.e. P = 




^ p 

4 Rr 
4wr 

'l^f 


\)^1. EircbhofPs Eaws. — The joint resistance and the 
currents in the various branches of a divided circuit can 
readily be found by the methods of Art. 157, provided 
there are no cross connections such as are .indicated in 
Pig. 307. In this and other more complex arrangements 
applications of K!irchhoft% Laws enable the solutions to 
be obtained. 

Kirchhoff’s two laws are as follows In any net- 

work of wires carrying currents the algebraic sum of the 
currents meeting at any point %s zero, (2) In any closed 
path (or mmh) in a network the sum of the E,M.F *8 acting 
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(«) 


Fig. 806. 


s equal to the sum of the prodnetB of ihe 
and currents in, the various parii rf ike 

■£m first law presents no difficult j; thus, to take a 
simple case (.Fig. 806), it is clear that 
I = Jj + -^2 + tiicarefore. 

I - -- J, 4 = 0. 

Current flowing to the point A is giyeii the 
positive sign, and current flowing from. A' 
the negative sign in writing down the 
algebraic sum. 

The second law will be un- 
derstood from the details on 
the divided circuit shown in 
Pig. 307, where the letters P, Q, 

P, S, G, B denote resistances. 

Taking the mesh (a) the second 
law states that 

+ ( 1 ) 

for the mesh (h ) — 

0 = I,P + I,G-(I-i;)Q (2) 

and for the mesh (c) — 

0 = (I, -- (I- 1, + m ^ I# (3) 

In each mesh clockwise currents are taken as positive, 
and counter-clockwise ones as negative ; thus in rnesh (h) 
I — Jj is counter-clockwise, and the same applies to L and 
J Ij + L for the mesh (c). 

The truth of the above is obvious ; thus, taking the 
mesh (h), P.D. between A and D = J^P, FJ). l>etw^^n I) 
and so that the P.D. between A and 0 is 

JjP %■ but the P.D. between A and 0 is (.1 — Ii)Qf 
so that 

I,F + I,G = (I - IJQ, i.e. fF + I,G f)Q = 0 . 

By solving equations (1), (2), and (8) the currents 
in the various branches are determined. The general 
method to complicated networks is, 
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however, troDblesoiBo, and Maxwell suggested the' “ cyclic 
current” device to simplify the solution. In each mesh 
a cyclic current of specified value is imagined to flow, all 
the cyclic currents being in the same direction ; the current 
in any branch will thus be the difference between the. 
cyclic currents of the meshes it separates. The method 
will be best understood from the following 

Example. Fom points. A, B, C, D, are connected together as 
follows :-~-A to E, B to G, Q to D, 1> to A, each hy a wire of 1 ohm 
resistance; A to 0, B to D, each hy 
a cell of 1 volt B. M.F. and 2 ohms 
resistance* Determine the current flow- 
ing through each of the cells. 

The clockwise cyclic currents are 
», 3 ^, and S5 (Fig. 308). 

Applying Kirehhoff a Law 2 to the 
bottoin ooinpartraent — 

2aj 4* {» - 3^) + (a? - y) = I 

le. 4a? « 3 ^ - z = 1 (1) 

Similarly for the compartment on 
the right-- 

y + iy --- 30) -\- 2iy - z) >^l 

ie. - a? +43^ — 2z = 1 .(2) 

and for the remaining compartment— 

z 4- 2(z -- y) + (2 - a?) = - 


i,e. - a?.~ 2y 4“ 4z - 1 (3) 

In (3) the E.M.F. is given the negative sign, since its direction is 
counter- dochwise in that compartment. 

Eliminating x from (2) and (3) y - z = J (4) 

,, a? from (2) and (1) 6y — 3z = | (5) 

„ y from (4) and (5) z — 0. 

Hence from (4) y = and from (I) x = 

.% Current in cell P = a? = 


Current in AP = y = | ; current In BG = y - a? = 0. 
Current in DG = a? - z = | ; omprent in DA = z = 0. 

The irm lines denote the path of the current. 

162'^ AppMcatiom to the Currents iu ..the various 
Branches of a Wheatstone Het.—The Wheatstone 
bridge network consists' of four resistances P,. Q, P, 8 , a 
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battoj B (E.M.F.: = Jr), and a galTaaometer G arranged 
'.as indicated, in Pig. 809; it is extenskely employed in 
.electrical measurements (Chapter X¥I.). Using the letters 
to denote the^ resistances and cyclic currents as shown we 
.geton writing down the equations as before and collecting— 

, -- a«=0...(l) 

(E + 8 + G)y - ^ 2 '=: 0,..(2) 


— Qx 


% + (B + Q + M)z =s m.(3) 

^ By solving these ■ equa- 
tions the values of and 
z can be determined, and, 
the current in aiij braii.cli. 
deduced from these values ; 
thus the current ' in the 
galvanometer is ■. evidently 
, aj — y or ^ and the 
■ : condition for no current k 
the galvanometer is that 
- ss ■ , TMs erne it imp&r* 
Multiplymg (1) by B and (2) by Q 


in ^mciice 
we get~~" 

B(P + Q -f- 0)z .', ■ . '■ — . liOf MQz = 0 

■ QQx + Q(M + S 4*: — MQz = 0/ . 

Subtracting— 

, {BFA^BQ+EG+Qa)x^(QB+MQ+EG+ = 0 

ie. (BP+BQ-f BU + QG)* = (Q8+EQ+MO+QG}i^, 

Hence if BP = Q8. i.e. if and the 

current in the galvanometer is zero. (See Chapter XVI.) 

of the ijeneral equations (1), (2), and (3) 
ot ttetermmants, but any partionkr solution 

« /3 a » 1?? ** -P - 2, -S = 4, 

t 6, w = 8, JS =s 10, we get — 
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Eliminating x;from (4) and: (5)-—. , ' 

I2p - 82 j =0.... 

Multiplying (4) by 3 and (6) by 4-— 

24a; — 12y “ 9z = 0 
- 24a; - 20y + 84z = 4^. 
Adding - 32y *+• 76z — 4 jS^ . 

52i 

Eliminating p from (7) and ( 8 ) = 7 fc 


Substituting in (7) 


Hence from (4) * “* "yfg”* 

Thus the total current is 52Jr/719, the current in the galvano- 
meter is a; - y, viz. 3*5i7/719, and so on. 

TI 16 joint fesistance of tbo network formed by P, Q, P, 
8. and G is found thus ; if iJj = joint resistance, ^ + A 

=total resistance, so that jB=(J5 + A)*> ■®i ~ "T ’ 


103. Application to CeEs of Un- 
eauai B.M.r/s in Parallel.— Let 
e e. be the E.M.F.’s of three cells in 
parallel (Fig- 310), r„ r,, rg the three 
internal resistances, Ij, I 2 , h 
internal currents, r the external resist- 
ance, and I the externa! current. Ap- 
plying KirchhoS’s Laws— 

I •<•*»****• **\(^') 
Jf 4" ****•' ^^)^ 
Jr 4 - 1/3 = e*.. *(3) 

vlf 4» 
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Dividing (2) by r^, (3) by r^, and (4) by r^— 


7-L + I,=ii 
»-i n 

jil + 1, = 

J-a »•, 

+ I, = 


Adding, and substituting (1) — 

lf£+£ +£ +l) = 

^*■1 ’'a n / »-i r.^ r, 

r ( ry, + rr^r^ + rr.r, + r,r,r A _ e,r,r, + «,r,r, + 
^ W. / ■ ' ' r.rA 


I = 

«•/, + rr,r, + rr,r; ’ 


To obtain the current in each ceil substitute (5) for / in 
equations (2), (3), and (4), and solve for /„ and 1,. 

If be the total E.M.F., 

E — total current x total resistance 
1 


Ifr+~j 


_+ l+_i 

n ’•s r, 
: Ws + e^r,r, ±_e,t^ 

Vs + »-.»•» + nn 


NoU.— li the three E.M.F.’s be equal, say each «„ and the three 
internal resistances be equal, say each rj, (5) liecoincs 

■ ■ r- 


Ti^ q. 3rrj^ rj 


and (6) becomes 

M S= ^1^1^ ~ « ; 

as was stated in Art. 160. 


same as one cell, 
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164/, .Cmi:r@3it Sliests or Conduction in Two Bimension®. 
■—Imagine a large flat sheet of oopper and that electricity enters it 
at a certain point ; clearly the current will flow away from this 
point by spreading out on all sides and we have evidently a ease of 
conduction in two dimensions. The point at which the current 
enters the sheet is referred to as the source, and if the current be 


withdrawn from the sheet at another point, this latter point is 
referred to as the ainh Two oases only will be dealt with 


GASB i. ONB SOUECB OR SINK.- 
limited extent ; the lines of flow will 
be straight lines radiating from the 
point 311), and the equipotential 
fines will be concentric circles with 
this point as centre. Consider two 
equipotentials of radii r and r + dr 
and two flow lines enclosing an angle 
dB ; let B be the speoifio resistance of 
the sheet and t its thickness. The 
resistance of the element bounded by 
these two flow lines and the two equi- 
dr 


“Let the sheet be of un- 


potentials is clearly YrdO^ 

the breadth AR of the element is rdO, 
The whole circular strip consists of 


Pig. 811 . 


2w 


dB 


of these elements in parallel and 


the resistance of the circular strip is therefore 
dr 


trdB 2Trtf 


Consider now a circular belt of radii and rj ; its resistance is 
clearly 


Bes. =^| "Idr -. 


2ire 


Further, if be the potential at distance r^, Fj the potential at 
distance r|, and / the total current, then 

r,- Fi = Curr x Bes = T log,% 

2wt Ti 


the minm being used if the point is a soarce (in which case Fo is 
than F|) and the plm if the point is a sink. If v be the 
unit distance and F the potential at distance i2, 
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CASE 2. Ol^E SOUEGE AHD OHE SINK.— A lifcfel© oonddem- 
tion will convince the student that the lines of flow and ec|uipoten> 
tial lines are similar to the lines depicted in Fig. 312. 

■ ' Let M = distance of a point X from the source 
E'=z distance of the point X from the sink 
F = potential at X due to the source alone 
F= potential at X due to the sink alone 
P = the resultant potential at X 
V =s the potential at unit diatanee. 

■■ Now,— ■ ' 

F=«-^,iogfi, r= -t; + ./|k.gir. 


and Is constant a« long as the 
ratio of E in ii i» constent. 

.Now consider a portion of 
the sheet Imumled by two 
lines of flow which meet at 
an an^le a and two e«|ui' 
potential lines of mines P| 
and }\ ; let Pi and 
denote the distancci from 
the source and sink respec- 
tively of any point on Pj 
and let mnl have the 


Fig. 312. 

same meaning for P*, then 


.. P, - P, = log. 

If Ii be the current through the sheet bounded by the two flow 

lines in question, Jj,: I =» ■tt;2T,.ie., Jj = iT; hence, If r denote the 

resistance of this portion of the sheet iKiunded by Pj and 1% and 
these two flow lines, 

Current" ’ cd 

and for the resistance of the whole space bounded by these two 
equipotentials 

■ Ittes. .= ■ ■ 

%Tt 
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Examples. 

(1) Twelve cells are arranged in series, the total internal resistance 
heing 27 oAms. The outside resistance is 40 ohms and the terminal 
P.I). 6 volts.: Find (i) the current, (ii) the fall of potential in each 
cdl, (iii) the E. M. F. of the whole battery, (iv) the E.M,F. of each cell, 
(v) the terminal P.D. for each cell. 

... ^ Terminal P.D. _ 6 

(!) Uiirrent - j^xternal resistance 40 ' 


•XB ampere. 


{11} B'all of potential in battery 

. *. Fall of potential per cell 
(iii) B.M.F. of battery 


= Current in battery 

X Bes. of battery 
= •15x27 
= 4*05 volts 

- 

““ 12 

Terminal P.D. «f Fall of potential 

in battery 

6 + 4 05 = 10*05 volts. 


•3375 volt. 


„ 1005 

(iv) E.M.F. of each cell = 


*8375 volt. 


(v) Terminal P.D. for each cell = E.M.F. - Fall of po- 
tential in cell 
= -8375 - *3375 = -5 volt. 

Eote ol«o.— Fallof potential per cell = Current in cell X Res. 

of cell 

= 15 K fl = ’3376 volt. 

E.M.F. of battery = Total current X Total resistance 
= *15 X (27 + 40) = 10*05 volts. 

Terminal P.D. for each cell = 6/12 = *5 volt. 

(2) A dynamo produces a fixed P.D. ai its terminals of 120 volts 
and is 300 yards away from a hoxtse where there are two hundred 
100 vdt 35 watt glow lamps in parallel. What size leads should he 
employed between the dynamo and the house if the resistance of an inch 
cube of copper is *06 microhm ? Find oho (i) the electrical horse-power 
mpplied at the house, (ii) the watt-hours and Board of frade units 
supplied in 10 hours, (iii) the cost of the energy at 4d. per unit. 

^ Watts 

Watts = El, 

Henoe^ 


E 


Watts taken by each lamp 

Current in each lamp = • 

= ^ = *36 ampere 



*. Ourranfc for 200 lamps = *35 x 200 rr. 70 aiiip«r^‘B = ciimmfc 
m the leads. Tolts med in leads = 120-100 2 = 

Resistance of leads = =r„ | ohm. 


I . Si 

a It 

8 = *66 microhm = f>6/10® ohm per incli cnb»‘ 

I = 600 yards (go and return) = (€00 x 3€| inelies 
JS = f ohm 


‘66 X 600 X 36 X 7 

i0« X ' 


gqtnare iacli 


Further- 


Finally- 


Total watts supplied = 200 x 35 = 

H.P. supplied = 7000/746 r: 0-4 approx. 
Watt-hours supplied in 10 hours U'att.n x hours, 
Watt-Hours » 7000 x 10 70000 1 

Watt-huurs 
' 2000 

1060 ’ 


and Board of Trade units ; 
A B.O.T. ixaits rr 


70. 


.Cost of 70 units at 4d. per unit = J8I, Ss. 4d. 

(3) A battery of 10 volte and inierrud rmidawe \5 ohm u connmtd 
in parallel with one of 12 tmlu and 
internal re^ws^aua ‘S ohm, fh^ poke 
are connected by an iMern&i nskianm 
■ qf 20 ohrne. Find the current im emk 
branch. 

■Let 'Fig. .1,13, represerit the' details. ■ 
Applying .Kirchhoff » Laws m In Art. 

163, 

20i -f %57j,. = ■' 

. 20/ + ;84' « 'il,. (2);' 

'hy' % acliliiifc. 

I'l 4* /j »■,'/, 


35 
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and siibstifcnting in (S)— 

. .or ... '700 


- amperes. 


Thus the current through the stronger battery is 115/66 amperes, 
of which 35/66 ampere flows through the externarreBisTtance and 
80/66 amperes flow bach through the weaker battery. 

Not© that going along the wire from Bto A the rise in potential 
is (e ^ I R) 35/66 x 20 — 700/66 volts ; going through the stronger 
Imttery from E to A the rise is A? — /gr = 12 - x *8 = 700/66 
volts ; going through the weaker battery from ^ to it the rise is 
E -f lyTi = 10 + If X ‘5 = 700/66 volts, 

t^) twelve equal wires each of resistance r are joined up to form a 
^skeleton ctihe and a cw'rent enters at one comer and leaves at the 
diagonally opposite comer. Find 

the joint resistance between these E x F 

comers. (Inter. B. So.) 

An examination of Fig. 314 « pr i 

will show that the total current 

(say 6r for convenience) divides Aj D 

at A into three equal parts each , | ^ x c5 

equal to 2;r. At E, and D ^ I , 

each of these again divides into 2x C 

two equal parts each equal to oj. ^ 

At ir, 0, and F these latter 

unite in pairs, giving three cur- ' \y ^' 

rents each equal to 2x uniting 

, Fiff. 314. 

If E denote the P.B. be- 
tween A and then, taking 

any one path, say AEFQy E = 2xr 4- xr + 2xr = 5xn 

But if R denote the joint re- 
E yr2 F sistance, 


^ ^ * >- (5) Twelve wires each of 1 ohm 

I 5^ resistance are joined up to form a 

>>W *u T cube. Show that the total reais- 

. >2_Z J G tance taken between two comers on 

the same edge is of an ohm. 

B f \y ^ Gruilds of London.) 

^ An examination of Fig. 315 will 

Fig, 816. show that the total current I 

(= a; 4- 2y) divides at A into three 
parts, viz. x along AD and tyro equal parts ..jf al ongAfi^ 

At E and B these latter divide notozldong Ma and BH^ and 3/ — • z 
' ' •M.. 'AWn W. ■■ "■ ■ '2l9 , 
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along MF and BG. A current 22 flows along //C/, breaking up into 
z along OF and z along 00, The oiirrerits ir'i Ff) and Ob are 
therefore y. 

If M = P.D. between A and D and r 5= resistanee of eaoh wire wo 
have 

M = scr (1) 

-fys" - 

.£7 = 2/r + 2r + zr -I- pr ^ 2pr + 42r (3) 

Eliminating z from (2) and (3), 

_ ^ _ ?£!! =a X ' 

^ Mr Mr 14 * 

J ir + % = y 

lO 

If B =: joint resistance, E =:■ IR xR ; but M «» m\ 

t 

-y xi? = ie. M = r = if r a L 


Exercises m 

Seetioii A, 

(X) Explain “current strength,” “resistance,” and “electro- 
motive force.” Is there any real distinction between “psitential 
difference ” and “ electromotive force ” ? If so, explain fully. 

(2) Define the absolute electroinagnetie and the practical unite of 
current strength, quantity, potential difference, and reHistence. 
Define also erg, joule, watt, kilowatt. Board of Trade unit of elec- 
trical energy, temperature coejgicient of resiRtatice, and electro* 
chemical equivalent. 

(3) State and explain Ohm’s Law, and develop the formula for 
the joint resistance of conductors in parallel. 

(4) State Kirohhoff’s I.iaw8, and show their applicati«,)n (i) to the 

determination of the currents in the various brancheH of the Wheat- 
stone net, (ii) to the case of cells of unequal in parallel. 

Section B. ■ 

(1) A circuit is formed of six similar cells in eeriea anr! a wire of 
10 ohms resistance. The E.M.F. of each cell k one volt, and its 
internal resistance 5 ohms. Determine the differen«» of liotoutial 
between the positive and negative poles of any one of the cells. 

(BA) 
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Section C. 

(1) State the Law of Ohm, and apply it to calculate how many 
Grove cells, each having an electromotive force of 1*8 volts and an 
interna! resistance of 0*07 ohm, will bo required to send a current 
of 10 amperes through a resistance of 2*2 ohms* (Inter. B.So.) 

(2) State the law of subdivision of a current in a divided circuit. 
Explain how you would arrange 36 cells of a battery, each having 
an internal resistance of 1*6 ohms, so as to send the strongest 
Dossible current through an external resistance of 5*6 oiims. 

^ (Inter. B.Sc.) 


(2) The terminals of a battery formed of seven DanielFs cells in 

series are joined b^^ a wire 36 feet long. One binding screw of a 
galvanometer is joined by a wire to the copper of the third cell 
(reckoned from the copper end). With what point of the 35 ft. 
wire must the other screw of the galvanometer be connected so that 
the needle shall not be- deflected ? (B. E. ) 

(3) Two cells, A and B (E,M.F. and internal resistance of each 
are 1 volt and 1 ohm respectively), are arranged in series. The 
positive and negative poles of this battery are connected with the 
positive and negative poles respectively of a third cell, (7, exactly 
like 1 and B, the connecting wires having negligible resistance. 
What is the current in the circuit, and what is the potential 
diierence between the positive and negative poles of the cell (7? ^ 

(B.E.) 

(4) The electrodes of a quadrant electrometer are joined to the 
terminals of a battery of five cells in series. In what ratio will 
the deflection of the needle be altered if the electrodes are also 
joined to the terminals of a battery of three cells in series similarly 
arranged, all the cells being alike and the connecting wires thick ? 

(B.E.) 

(6) A battery of twelve equal cells in series, screwed up in a 
box, being suspected of having some of the cells wrongly connected, 
is put into circuit with a galvanometer and two cells similar to the 
others. Currents in the ratio of 3 to 2 are obtained according as 
the introduced cells are arranged so as to work with or against the 
battery. What is the state of the battery ? Give reasons for your 
answer. (B.E.) 


(6) A circuit is made up of (i) a battery with terminals A,^ B, its 
resistance being 3 ohms and its E.M.F* 2*7 volts ; (ii) a wire 
of resistance 1*5 ohms; (iii) two wires in parallel circuit, GDF, 
GEF^ with respective resistances 3 and 7 ohms ; (iv) a wire FA, of 
resistance 1*5 ohms. The middle point of the last wire is put to 
earth. Find the potential at the points A, B, (7, F» (B.E.) 
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(3) If a cell has an E.M.F. of 1‘08 volts and *5 ohm interna! 

resistance, and if the terminals are conneoted by two wir^is in 
parallel of 1 ohm and 2 ohms resistance respectively, what is the 
current in each, and what is the ratio of the heaf-H developed in 
each? (Inter. ii8c4 

(4) An electric light installation consists of a group of lamps in 
parallel arc between the eiids of leads. The leads have tola! 
resistance *4 ohm, and bring current from sixty accumulators aacli 
with E.M.F. 2 volts and resistance '01 ohm. When twenty-five 
lamps are switched on each takes *4 ampere. Find the resistance of 
a lamp, and the watts used in each part of the circuit. 

(Inter. li.So. Honn.) 

(5) State the laws governing the distribution of current in a 

network of wires. A battery of 6 volts E.M.F. and 0*5 ohm 
internal resistance is joined in parallel with amjther ef iO volts 
E.M.F. and 1 ohm internal resistance, and the eomblnatioo is used 
to send current through an external resistance of 12 ohiiiH. Calcu- 
late the current through each battery. { ) 

(6) A framework is made out of six pieces of the same wire 

forming a square and its two diagonals. It is fixed together at the 
angles of the square and at the crossing point of the diagonals. 
What is the equivalent resistance of the frame between the two 
ends of the same diagonals ? J 

(7) Show how to calculate the current through the gslvanometcf 
in the Wheatstone bridge arrangement of conductors. {B.Sc, HoriS»| 

(8) Let ABy BO, GD, DA be four uniform wires, easih of unil 

resistance, joined in the form of a square A BCD ; let E be a point 
in the side CD such that CM is to ED in the ratio of to 1 ; and 
let A bo joined to E by a wire AE of unit resistance. Show that, 
if the points A and 0 be maintained at different potentials, thm 
the potential of B is equal to that of E, so that no current will How 
along a wire joining BE, fTripoa . ) 

(9) A tetrahedral framework is made of wires cut from tlie same 
coil: if pairs of opposite edges be equal and of lengths a, b, c 
respectively, and a current enters and leaves the framework at the 
ends of an edge of length a, then the strengths of the currents in 
the pairs of edges of length a are in the ratio 

6 (a i- c) + c (a -f- 6) : 6 (u Hh c) c (a 4- 

.(Jwus.OolIegc.) 

(10) In the previous question show that the resistance of the 
whole framework is that of a length of wire equal bo 
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MiiGNETIC EFEEOTS OP CEERENTS. 

165. Field due to a Iiiiiear Current. — We must now 
consider wbat determines the intensity of the field at any 
point in the neighbourhood of a conductor carrying a 
current, 

Exp. Fix a long^ wire vertically and pass a current up the wire. 
Using the oscillation magnetometer of Art. 40, find the number of 
oscillations (Wj) per minute at distance dj due magnetic east of the 
wire. Repeat at distance and let % be the number per minute. 
Switch off the current and let be the number per minute^ under 
the influence of the earthy, alone. On the east of the wire^ the 
earth’s field and the field due to the current are in the same direc- 
tion ; hence (Art. 40) — 

^®id due to the current at distance dj, 
n./ — ot field due to the current at distance dg, 

and It will be found that (Wi^ — Wq*) i — Uq^) = ^2 : e^i, i.e. the 
intensity of the field varies inversely as the distance. This is known 
as Biot and Savart’s Experiment. 

Include an ammeter (Art. 187) in the circuit, and also an adjust- 
able resistance, so that the current may be indicated and its 
strength varied. With current /j passing, let Wj be the number of 
oscillations per minute at a certain point, and with current let 
be the number per minute at the same point ; then ^ 

- nf oc field at a certain distance when the current is Ij, 

- nf fic field at the same distance when the current is J®, 

and it will be found that (tij® - »o^) : - %*) = Ij : /2 (approx. ), 

i.e. the intensity of the fidd varies directly as the current strength. 



mkmmTm kj'fbcts of cmmEMTO. 


In discussing the law established bj Biot iwici Samrf,' 
Laplace .showed' that: the result may be (ie<'liiced omthe- : 
maticallj from the following assniiiptioiis 

Let AB (Fig, 316) ■■represent a wire carrying a current ; 
then, considering the held due to a very sniali element, ab, 

. it is assumed that the intensity of , 

. the field at c due to the current in 
that element is— 

1. Directly proportional to the 
strengtli of the current in AB . ' ■ 

2, Directly proportional to, the 
distance ah\ that is to the apparent 
length of the eicrne',i::it as seen 
from c. (The iiiie ah' is draw.ii at 

^ angles to the lio,a co,. wliieli 

joins c to 0 , the middle point of ah,) 
S. Inversely proporticmal ia the 
sqmre of the distance of the element 
ab from c, that is to 
Mg. 816. ■ Hence, if If denote the i:atensity 

. of the field at c due to the ■element 
ahf and I the strength of the current in AB^ we have 

ffoc 4^ or Hoc or if oc 

(ocy {ocy (ocf * 

where a denotes the angle aoe, and 0 the angle Pco. 

The direction of E is perpendicular to the plane through 
c and AB. To determine the intensity,, at anj^ point, due 
to a current in a conductor of giTOii form and position, it 
is necessary to sum up the effects due to eo^h element j 
the result of the summation gi?es the total intensity due 
to the current in the conductor taken as a whole. 

In the case of an infinitely long straight conductor, by applying 
japlaoe's assumptions to the two cases shown in Fig. 317, where 
the point c from the wire are d and we get 
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But from, the figure 

ec a6 ’ *\ Hx a'b' ' \ah/ 


Aad geometrioallj 
^ 

• £ - 

**' Ji'i ""■ d5* ' 

This indicates that the effect 
of each element varies in- 
versely as the distenee, and' 
therefore by suramation the 
total effect of the whole wire 
at any point varies inversely 
as the distance of the point 
from the wire. Thus Laplace’s 
mathematics agrees with Biot 
and Savart’s Experiment. 

As indicated in Art. 151, 
tlie nnits are so selected 



that the expressions 



H 00 lab Bin af(pcy, etc., above become 
equalities ; hence the intensity of 
the fieM at any point due to a cur- 
rent in a straight wire of finite 
length is calculated as follows 
In Mg. 318 let BA be the conductor 
carrying a current I e.m. nnits and P 
the point, d cm. from the conductor, 
at which the intensity is required ; 
let Fb == r, the angle JDFh = 6, and 
the small increment APa =: dO ; let 
the angle BFA = 0^ and the angle 
PPP = 


Field at P due to la = LI? 

r® 


IrdB _ I,de 
r* r 


But 


d 0.1 

= cos O, — : 

r r 

Field at P due to ha 


cos B 
I 


cos B,dB, 


BfFE€5*rs Of : .OUEEISTS. 


and the total field (Jff) at P due to the whole conductor 
BA is the integral of the above between the liiuitK 0-—e. 
and B — 6^‘ that is — 


£ f QOS 6. dd — £ gjj, 

^ j^sin e, -sm (-^;) , 


1 * . ^1% 
— Sin. § 

il J , 


M trz ^ (sin 4- sia #j) 


In tlie CES8 of an infinitely long con^UGtof .rr & .. m ~ , 
and therefore sin <9, = sin <9^ = 1 ; lienee 


In Alt. 173 it IS shown that the work done in riiovini/ 
unit pole once round an infinitely long conductor carry in*'** 
a current/^ e.m. units is 4rJ. If -ff be the iiitcumify of the 
l^ld at distance M measures the force on unit pole at 
this distance, and the work done in moving the unit pole 
once round the conductor in a circle of radius d is idveii by 
the product of the force and the distance, i.e, b? '^TrdJl • 
hence / ^ ? 

, , , 27rdJT == 4rl, ie. jBT = 

' /a? ^ the rightdiand expressions of (1) and 

(2) must, of course, be dirided bj 10. 

. y 3.66. Field at the. Centre of a Circular Cnrreiit — 
Consider the conductor 4P to be looped into a circlbiis 
showninFig. 319, and let us detenniue the intensity rf 
the magnetic field at c. the centre of the circle 
Considering the action of the element ah, the intensity 

of the field is — where I denotes the current in AB 

and r the r^us of the circle. Now, since each element of 
the ;mnductor IS simlarly placed relatively to c, the it 
tensity of the field at c due to the conductor AB taken as 
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167. Field at any Point on the Axis of a 
Current. — Consider first tlie field at P (Fig. 321) due 
, tliejiaali, element. of the coil.' The intensity is 

in, a direction at right angles to AP j let FK 

sent' this, and resolve „it. into two ^ components, 


a whole is 


Ix AB 


that is i2<4![r or M. 


Hence, if M 


denote the total intensity of the field' at c, then 


I being in e.in. units and r in 
centiniet'-res*' . 

If tlie coil consists of n turns 
sulFicientlj thin to be regarded 
as coincident, 

jsr = (3) 


Fig. 319. 


The direction of the field at c is at right angles to the 
plane of the coil, and may be determined by Ampere’s 
Eiile or the Eight Hand Eule (Art. 146) ; in Fig. 319 it 
is upwards towards the reader. 

Fig. 320 shows roughly the lines of force ; within a 
small space abed at the centre the field is practically 
uniform, i,e. the lines of force 
are approximately parallel equ: 
distant straight lines ; this is 
utilised in the tangent galvano^ 
meter (Art. 177). 


Fig. 820. 
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t'he;axis,.'aii.d PF- perpendicular thereto. Only tlie 
component along the axis need be considered for wliui tlie 
whole riiig is taken into aecoimt the ?ertieal eoiirponeiits 
cancel each other. Prom the siiniiar triangles MFK and 
OAF^ 

^ = - 1 , PH = Lpk 

FK a a 

or, denoting the horizontal component FIl by 4-* 

r ■■ ^ I rial) 


h. 


01earij,,for the whole ring, the intensity II at P wilt \m 
obtained by summing the above for ail the elemoats into 
which the ring is divided, i,e. 


H 


r . J. 27rr ^ 

. a® ' 

and if there are n turns (as in (3) above) — 
2vnr^I 2Tiir®I 


M : 


(# 4.^)1 

When d = 0 this reduces to II = ^irnljr ■ tlia result 

obtained above for the field at the centre of the coil. 

168. Field midway between Two Similar Coaxial 
Circular CoHs, the Bistauce apart being equal to the 
Badius.— Prom (4) of the preceding article it follows that 

the field due to unit current in the coil is 2 irur*/(# 4 . f^)l; 
and from this the variation of the field along the axis nmv 
be graphically represented by working out the value of the 
field for difierent values of d. The curve in Fig. 322 
depicts this variation, the abscissae denoting distances 
along the axis and the ordinates values of the field, filie 
curve is at first concave towards 0, but the curvature 
becomes less and less and quickly changes sign, the curve 
becoming convex towards 0. 

The point of inflection or change of curvature is at the 
point where d ==: Jr, and at this point the curve is, for a 
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sl'iort length., practically a straight line. If, therefore, we 
have two equal circular coils placed with their axes coiiici- 



B 0 A 
Fig. 323. 

dent and at a distance apart equal to the radius of either^ 
then, for the same direction along the common axis, the 
rate of increase of the 
field due to one coil at 
a point midway between 
the two coils is equal to 
the rate of decrease of 
the field due to the other 
coil at the same point, 
and the field for a fair 
distance on each side of 
this point will be prac- 
tically uniform. This is 
shown graphically in 
Fig. 323. The dotted 
curves show the fields 
for the separate coils, 
and the full line curve, 
the resultant of the two 
dotted curves, represents 
the resultant field due 
to the two coils ; the 
horlzonfeil part indicates 
uniforaiity of field. Fig. 

824 shows the field of force between the coils and clearly 
indicates that, in the middle of the field, there is a region 



Fig. 324 
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of comparatively fair exteEt .where the field is pradkalhj 
uniform this is utilised in the Ifelmholiz 

tangent galvanometer {hft 178),. 

The truth of the above may be shown niatlie.-. 
matically as follows 2<i |Fig. 3*25) be tli© 
distance apart of the coils a-nd O tli© iiilcl point. 
Take a point P near 0 and let OP x ; 
AP = d -f- a? and BP == {cl ■»» a:). AiiSEino 
unit current to flow !,ii the same direction in 
each coil, and let tlie radiuB id eaeli coil be r ; 
then 


OP 


Pig. 325. 
Field at P '■ 




: 2irnr^ F- 

b 

Ji respect I 

,.s r__M±. 

L{(tl + ar)' ■ 


j(<i - x)' ■(■ r'p 


|W-xp.f r'^pj- 


{(d + xp + r‘ii 

Differentiating witli respect to x — 

dii „ . r ■'M'i + X) 

{(d 

To firul the condition for uniform field imist he to 

zero j hence d + a; _ d — x 


{(d -f x)* + r“}^ {{d - xy- + 

id + x){(rf - xf + r2}i = (d - X) {{,i -H *)= + ..jp. 


4 
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Thus, to secure a very imiform field, in the central region between 
the coils, the distance apart must be equal to the radius of either.' 




169. Fiald due to a SoleBoidal Current.— -A further 
extension of the result of Art. 167 shows that the intensity 
of the field in the interior of a long closely wound solenoid 
is given by 

r:r 4i7rBX \ 


where I is the current in e.m. units, 8 the total number of 
turns of the solenoid, and I its length. The fi.eld is prac- 
ticailj uniform except near the ends, and is half the above 
value at the ends. If n be the numher of turns jper unit 
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Again, .^sin 0 ; 


: # j htmee 


Field at F due to aliee dks =? 


Fig. S27. 


■ sin# 

2-3ri sill # . d#. 


Thus if #1 and ho tlM» valiicH <#! 
J^ior tlie ends of thi^ Knlf^jifnidj tlnit 
total field // at F is clo.irlv 


PORTION OF SOLENOID, 


2^i (ODH - IIHS 

■ . If J be the eurreiit in tlie Holeiioitl, 
S'' the total tiiniH, and I tlio leii^th, 

t = S//if; henna " ’ 


II the solenoid bs verp long and F be wtdl removeil from either 
end, practically #j =s 0 and 0 ^ « t,. so that am #j - e<is #g r. 2 mul 

£T_ 4 rS/ , 

At the extreme end of a ver^long solenoid, praotioally mm = 0 m id 
008, #1 ==? 1, so that M tts — i.e. half tM witewfty ai Hm cew/wl 

parts of the solenoid. 

A simple proof m based on the results of Art. 17:i, vix 
that the work doue m moTmg uaitpole rcaiiid a current 
carrying wire is 4irl. Imagine mit pole 
moved along the path ABGJDA (Pig. ^ 

the work done is 47rl for each turn of wim, 

If there are n turns per unit length, the i^oriion of 
turns in the part considered are nAM 

X uAB, ' ' l'1g. 328. 

and 3A is 

. ght angles to the lines of 
mg along OJD is negligibly small 
gomg along AB, for the lines of 
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force wMck are crowded into a small ■ space inside are 
spread out tBrougliont the whole field outside, so that the 
force along OD, and therefore the work, is negligible. 
The work jii going along AB k E x AJB, where' E is the 
intensitj inside ; hence 

Ex A'B = 4irX X %ABf E = Ajrifhl, 

170* Tmm eacerted on a Conductor carry-ing^^ a 
Current in a Magnetic Field,— In Mg. 829<x A is the 
cross-section of a straight wire placed at right angles to 
the magnetic field due to the poles N and 8, i.e. at right 
angles to the plane of the paper; the . 
lines at B and 0 indicate the general 
direction of the lines of force of the 
field. Imagine now that a current 
passes npimrcU in the wire ; the circle 
about the wire indicates the general 
direction of the lines due to the cur- 
rent. 



->.f 


s 1 

Fig. 329a. 

On the side 0 the two sets of lines are in the same 
direction and repel each other ; on the side B the two sets 
are in opposite directions and cancel each other. The 



result is that the wire is acted on by a force towards the 
right; the tendency is, therefore, for the conductor to move 
towards the right. The actual field between N and 8 is the 
resultant of the two fields above (see Pig. 329Z^). 

Pig. 880 shows the direction in which a current-carrying 
wire A tends to move round a north pole N, and the 
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direction in wliicli the nortk pole tends to niore round tlie 
current Tlie latter is, given bj, say, the Jiainl rule 
of Art 146; the former — the direction ^vliich a con- 
ductor carrying a current tends to move in a magnefic 
field— is perhaps best given in most pmcfdml cmos by the 
following left hand rule due to Fleming the 

thumb and the first ttoo fingers of the lejtkuml uitihuilbj at 
right angles; place the forefinger in the dlredkax (/the lines 
offeree of the field in which the conductor h ultuaied ( N io^ d), 
and turn the hand so that the middle finger poitifs In i he fU nn> 
tion of the current ; the thumb xoill indicate the diredion of 
motion of the conductor. Clearly, if the dinn-fion of ihe 
current or the direction of the field Ixs reversed t li«‘ * iircu*! ion 
of the force will be reversed, but if bdh held and (5urrent 
be reversed the direction of the force will unait4a*ed. 

Numerous experiments may be devised to illustrate 
tions” and to verify the rules given. Thus in Fig. ;i,11 tho vertical 
magnet is surrounded by a ring toaigh eem- 
taining mercury up to about the level of tlie 
mid point of the magnet, Mid a conduetiiig 
circuit is pivoted on the end of the inagriet aa 
shown. Ua passing a currant u|:i the nuignet 
and down the circuit continuous rotiitiori of 
the latter ensues, and the left rule may 
be verified. If a solenoid carrying a atroiiK 
current be substituted for the magnet, and 
the apparatus modified accordiiiglv,” the saiii© 
effect takes place. Further, if a l,>ar magnet 
be suitably weighfce<i, so tlmt it floats verti- 
cally in mercury, it esan, by sui table arrai gt- 
ment, be caused to rotate round an insulates! vei'ti«;al cmidmaor 
dipping into the mercury when a current is pmned tliruugh the 
conductor. 

An expression for the magnitude of the forn*e acting on 
the conductor may be: obtained as follows -The iateiisity 
h of the magnetic field at c (Fig. 316) due to the element 
ah is given by 

f I X ab* 
oc^ 

the direction of the field at e being at right angles to iho 
■ 0 :: plane, a&c*. 



f. 


MAaNBTIC EFFECTS ■ OF CTOBENT8. 


79 


If we denote ah hj I, oc bj r, and the angle me b j a, 
then 

1 II sin a, 


This expression for the intensity of the magnetic field 
^ g ives the force which a unit north pole would experi- , 
ence if placed at that point . . It. therefore g ives the force 
wl'iic h a uni t north pole at c would exert on the element 
ah^ But the strength oFtK^ o, due to a " 

unit north pole at c, is 1/r*. Hence the force exerted 
on the element ah in a magnetic field of intensity l/f-* is 
I . I sin a . 1/r® ; that is, in a field of intensity R the force 
exerted on the element ah of the conductor AB carrying a 
current I is 

Force = JiSrZ sin a. 

If the conductor is straight and the field uniform, then 
this result may be applied to a conductor of finite length. 

Further, in the case of a conductor of length I, placed at 
right angles to a uniform field of strength JET, we have 
(since sin a = 1) — 

Force = I.HJ. 

Example. If a straight wire 20 cm. long, carrying a current of 
15 amperes, be placed at right angles to the earth’s horizontal field 
•IS unit, the force tending to move the wire at right angles to the 
current and to the field {left hand rule) is x *18 x 20 5*4 ! 

dynes. 


171. Work Bone in Bisplacing in a Magnetic 
Field a Circuit carrying a Current. — ■ 

Consider first a straight conductor of \srt 
length I cm, placed at right angles to a ; I moti^ 
uniform field of strength R units and f I 
carrying a current of I e.m. linits ; the j T upwards - 
force on the conductor is IJBR dynes. If jJ 

the conductor moves as indicated in Fig. . j^-. » x 

332 through a distance a? cm,, the work Fig. 832, 

done is IRlx ergs ; but I x x is the area 

swept out, and Rlx is, therefore, the total number of unit 

U. AHD B, 30 


Fig. 832. 
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tubes of force (F) cut hj the couductor diiriof^^ tlie dis- 
placement; hence 

Work = I.F = current X tubes cut, 

" Example. If a wire carrying 30 amperes moves iu a field ao as 
to mit 10,000 unit tubes, the work done Is f § X K),CX-K} » :i0,CM‘M) orgs. 

A more general proof of the above is as follows. Let 
ah (Fig. 383 ) represent an element of a cojulucf'orcarrjing 
a current in the direction of tlie anw, ami let. a if 
the direction and strength of the magnetic fudd acting on 
the element. Also let aF, drawn in a direi‘4i^)n at right 

angles to the plane of ah 
and aMf represent the di- 
rection of tlie fmmf iietiiig 
on the alemeiifc ab* 

If now tile elennmt re- 
maining parallel to its. i»t 
position siiier a very small 
displacement to tlie, posi- 
tion the work .done in 
effecting the cliBphieem,6,iil 
by the force. acting, on the 
„ element, is' .measured by 
f.aa!\ where m!^ is the 
..projection m* on the 
direction of /. But if E 
denote 'the '.mtonsitf of, “tlie, 
held, then by Art. 170 we 
have / = Ulah sin a, where a denotes the angle hall 
and I the current in the element, that is, the work done 
in the displacement is equal to lEah sin a . m!\ But 
ah sin a . an" is ah" .oa'k the area of which is the 

projection of the area aa!Vh on a plane through a at right 
angles to the direction of the magnetic held. The quantity 
if . ab sin a . aa" is, therefore, the flow of force through 
aalVh or ihe number of unit tubes of force cut by the element 
during its displacement into the position a'hk Thus we 
obtain, as before, the result that the work done = current 
X tubes cut 
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If a closed circuit be displaced in any way in a field it is evident 
that the work done may be determined by imagining the oirouit 
divided up into very small elements and summing up the work 
done in the displacement of each element. Thus, if I denote the 
current in the circuit and Wg, . the number of tubes of 

force cut by the elements of the oirouit, then the total work for the 
given displacement is hln or In determining Sn, however, 

the sign of n for each element has to be considered. Assuming the 
tubes of force at any point to pass through the circuit from the 
negative side to the positive side (that is, in the direction which 
the tubes of force due to current in the circuit would pass), then n 
is positive if the tubes are so cut as to pass from without to within 
the area of the circuit, and negative if the tubes are so cut as to 
pass from within to without this area. It follows from this that 
is really equivalent to the increase of the flow of force through 
the circuit in the positive direction. If this increase be denoted by 
jP, then the work done by the electromagnetic force acting on the 
circuit in the magnetic field is measured by JPJ. 

If the displacement is a very small linear displacement then 
Fiji is the work done by the electromagnetic forces per unit length, 
that is Fiji is the force causing the displacement. Similarly, if 
the circuit be rotated round an axis through a very small angle 
then Fljd gives the moment of the couple causing the displace- 
ment. 

If the circuit be taken from an infinite distance up to any point 
in the field, then the work done against electromagnetic forces in 
bringing the circuit to that point is given by — jP/, where F 
denotes the total flow of force through the oirouit in the position it 
occupies in the field. The quantity - JPJ, therefore, measures the 
potential of the circuit in tlie field. The potential here defined evi- 
dently varies with the position of the circuit in the field and may be 
zero if F is zero. Its maximum value obtains when F is negative 
and^has the greatest arithmetical value possible, and for its mini- 
mum value F is positive and as great as possible. The two positions 
of the circuit corresponding to the maximum and minimum values 
evidently make an angle of 180® with each other. 

For a circuit free to move in the field the position of rest is that 
corresponding to the minimum potential energy, that is, to the 
position in which the tubes of force pass through it in the greatest 
number and in the same direction as the tubes of force due to the 
current in the circuit. A plane circuit, for example, freely sus- 
pended in a uniform field tends to set itself at right angles to the 
field in such a position that the positive direction of its axis is the 
same as that of the field. It is evident also that if the circuit is 
flexible or made up of movable parts it will, when a current is 
passing through it, tend to make the area enclosed by the oirouit a 
maximum. A flexible circuit, therefore, tends to become circular 
inform, and in a circuit with a movable part the movable part 
moves in such a way as to increase the area of the oirouit. 



172. Current Cireuits and Equivalent Magnets 
and Magnetic Shells, —Let a circular coil of radius r 
carrying a current I e.m. units be ixed witli its pla-iie in 
the meridian; tbe force on unit pole ai P (Fig. M21) is 

27rr^II(d^ 4- i,e, 2TrIld'\ say, if r be small c'ouiparei! 
with d Hence if a small magnet of pole strength m ainl 
length I be placed at P, the couple im it dm* to tlif> 
coil is 


Couple : 


2rr"l 


ml ■ 


2/1 /if 
# ’ 


where A is the face area of the coil and, .4f is thi* loomeot 
of the magnet at P. 

If the coil be now replaced by a snuill “ end au ” uiagnot 
of moment if^ the couple on the magud. at P in (Art. d4 

Couple = 

If these are identical M, J.i ; thus in the cane con- 
sidered the circular current is equivalent to a mmjnet the 
moment of which is numerically equal to the cmreni in e,m, 
units multiplied by the area of the coil face. 

How let the circular current be repliicjed by a magnetic 
shell of moment whose boundary coincides with the 
wire ; this shell will be equivalent to the current if ifj 
= J.r, i.e, if MfA ^ L . But MJA is the moiiient per 
unit area, i.e. the strength of the shell (Art. Mj ; thus the 
circular current is equivalent to a magnetic shell ike strength 
of which is numerically equal to the current in e.m, uuUs, 

The truth of the above can also be directly deducefi from 
formulae previously established. . Thus in Art. lid it is 
shown that the held at P due to a shell of circular contour 
is 27rr^<j)la\ where r is the radius of the face of the sheli, 
^ its strength, and a the distance from the edge of the slid! 
to the point P. If a circular current of the same boundary 
replaces the shell it is shown in Art. 167 that the field at P 
is 2T7^IlaP; hence the two are equivalent if, numerlcaliv 
^ = ■ 

So far we have dealt with the special case of a circular 
current for convenience, but the theorem of the equwaleid^ 
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magnetic shell is applicable to anj closed current circuit. 
Tbus it bas been shown in Art. 36 that the potential of a 
magnetic shell in a magnetic field is — <i>F^ where is the 
strength of the shell and JP’ the flow of force through the 
contour of the shell from its negative side to its positive 
side. It has also been shown in Art. 171 that the potential 
of a closed circuit carrying a current I in a magnetic field 
is — IF, where I is the strength of the current and F the 
flow of force through the circuit from its negative to its 
positive side. It is evident that if = J these two < 5 [uan- 
tities become equal ; hence the general statement that a 
closed circuit gives rise to the same field, and is subject to 
the same forces in a magnetic field, as a magnetic shell of the 
same contour as the circuit, if the strength of the shell is 
egual to the strength of the current in e.m. units ; this is 
referred to as Ampere^s theorem. 

If the air medium be entirely replaced by a medium of perme- 
ability ^ the strength of the equivalent shell will be jwl. 

173. Work done in carrying a Unit Foie round a 
Current. — From the preceding it follows that all the 
theorems relating to magnetic shells can be applied to a 
closed circuit by supposing it replaced by the equivalent 
magnetic shell. Thus, for a magnetic shell of strength <jf> 
the potential at any point (Art. 36) is given by where 
iii is the angle which the contour of the shell subtends at 
the point. ^ Hence, the potential due to a closed circuit at 
any point is Jw, where I is the electromagnetic measure of 
the current and w the angle which the circuit subtends at 
the point. It should be noted, however, that this is the 
potential at the point, assuming that unit pole is brought 
from an infinite distance up to that point without ^passing 
through the circuit If the pole passes through the circuit 
and back to the given point by a path outside the circuit, 
then the angle subtended by the circuit from points along 
the path of the pole changes from w to 4m- -f <»>, and the 
potential changes from Iw to I (47r + i.e. by an amount 
4ml ; thus the worh done on a unit pole in threading the 
circuit from any point bach to the same point is 4ml, 'and in 
threading the circuit n times the work is 4mln. 
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Tlie above will be clear from' an examijiaiioo of Fii^, :i14, whiob 
represents a current circuit -.witli its plane at rigbl ang!<,« to the 
.plane of the paper. At A imhimitely mar the hoi1,h law of tlic 
circuit the solid is 2ir niifi the 
potiuitial 4* 2r/. I’lifj pot cjtf lid fall i 
in going along the 'ABO 
being rl at .il, Ivl at .0, .zero at Z), 
... - 2ir/at Of flw angles 5»ubt«iifled 
at Bf Of D, , . . being iiall -aicd In 
the llgnre. Thu work tione in 
moving unit ptile froni A to f/ along 
the path JBQDBFO in lh.*aef(jrn 
47r/(th0 change in potent iaib 1'ho 
work ref|uire(l to eoinph-te the piath 
QA is nU^ since the tliMtancu is In- 
delJniteiy sniall, Hmin? tiift wm'k 
dom in fmmitj unit pOf fnmi A 
almig the path ABViJBFfF hack o# 
A.f i.e. akmg a path Hnked mu € mitk 
the curreMf ii 4wl II the olo««:l 
path Is not linked with the eiirrent, 

■ e,g. the path A'MC* , . . the 
work is nii. 


Fig. 3S4 


The work done in carrying unit pole along any path 
from one point to another is called the line iniegral of the 
^Id between the two points, and the line intcgml of a 
field round a closed path is called the curl of the field’ 
hence for a patih linked with a current ’ 

Curl = 4jr.r. 

It will be remembered that this relation was used in the alterna- 
tive proofs of the formulae in Arts. 165 and 169. 

174. Galwaaoscopes and Galvanometers, —Instru- 
ments in which the magnetic effects arc utilised for the 
detection of currents are termed galvanoscopea, more 
accurate forms designed for current measurement Ixiinu 
known as galTanometers. ® 

The simplest type of galvanoscope consists of a mag- 
netic needle with a wire placed above it and in the meridi-in 
To inpase the sensitiveness of this arrangement tiio wire 
may be formed into a coil with the needle at its oentre 
an application of the right hand rule (Art. 146) will'mvUi 
the fact that in such a case all the currents both above 
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and below tlie needle are urging it in tbe same direction, 
and thus a weak current will be better able to produce a 
deflection. 

In both these cases it will be observed that the action of 
the earth on the needle is opposing that of the current, for 
the former is striving to set it in the meridian, whilst the 
latter is endeavouring to set it at right angles thereto, from 
which it follows that to secure greater sensibility the action 
of the earth must be partially eliminated. This is more 
or less accomplished by employing instead of a single needle 
an astatic pair; that is, a combmation of two needles 
of equal length and strength (or equal “ moment fixed 
parallel with unlike poles adjacent, and with their magnetic 
axes in the same vertical plane, and in which therefore the 
turning effect of the earth on one is cancelled by the equal 



Fig. 336. 


turning effect in the opposite direction on the other. The 
two methods of winding such an arrangement so as to 
form an astatic galvanometer ” are shown in Fig. 335; 
by applying the right hand rule it will be seen that both 
needles are urged in the same direction. 

The construction of a perfectly astatic pair is difficult, 
and in fact undesirable here ; but if partially astatic, in 
which case the controlling influence is mainly the torsion 
of the suspending fil^re, a very sensitive galvanometer is 
obtained. The deflection may be read either by means of 
a pointer attached to the moving system or by the “ lamp 
and scale ” method explained in Art. 41. 


Tb© figure of merit of any ordinary galvanometer in which ^ 
the delieotion is given by a pointer moving over a scale of 
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degrees ia usually defined as the current in ansiperea ueoeMHary to 
produce a deflection of 1®-; in the case of a reflecting galvanometer 
it Is taken to be the current necessary t«i produce one nnlliinetre 
deflection on a scale 'placed' one metre from the mirror of Uie gal- 
vanometer. 

The .sensibility of a reflecting galvanometer ia, however, in order 
to take various factors into account, more exactly dcduied as the 
number of millimetres deflection produced on a scale on«j metre 
from the mirror by a current of one-milliontli of an ampere, rcfluetMi 
to the oorrespondmg deflection for the same rate of expenditure of 
energy if the resistance of the galvanometer were one ohm and tim 
period of vibration one second. Matliematically, if ^ he the period 
of vibration, r ohms the galvanometer resistances, and d mm. the 
deflection when the current is lO*** ampere and the diskince t)f the 
scale one metre, it can be shown that 

Sensibilitv = 

Galvanometers are often wound with two coils, one <-‘on'd.4iijg of 
few turns, the other of many turns of wire. A moderatclv strung 
current is passed through the former, but a weak current through 
the latter, for the greater the number of times it is carried round 
the greater will be its effect on the needle. Of CDurs© the coil of 
many turns must necessarily be of fin© wire to avoid the iiislrument 
approaching unwieldy dimensions. 

The moving part of a, galvanometer or other mewiiring instru- 
ment (ammeter, voltmeter, etc.) tends to oseillafc© about » mean 
position when the current is started, stopped, or varied This is 
often undesirable and a "damping'’* device is frec|uently intro- 
duced to prevent this undue oscillation j the instrument k then 
said to be ** dead heat.” Damping is secured by utilising (1) the 
viscosity the moving part carries a light vane which 

moves in a liquid (usually oil) ; (2) air /nciJma— the vane moves in 
air, often, in comraeroial instruments, taking the form of a piston 
moving in a tube ; {Z) induced ettrrente— -the moving mrt has cur- 
rents developed in it which oppose the motion. 

175« The KelTia Mirror 0a*lvaa0meter0.-“--One 
type is sto-TO in Fig. 336. The coil is womid on a coju- 
paratively small circular reel, JE, enclosed in B, a orlin- 
drical brass_ box with a glass front. The needle of the 
instrument is a shorty carefully magnetised strip of steel 
attached by shellac or cement to the back of a small con-’ 
care mirror, m, suspended by a single silk fibre at the 
centre of the coil. The deflection of the magnet is 
measured by the mirror and scale method. 
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The large ‘'controlling” magnet, N’/S', supported ahoYe 
the coil, has several important ■ uses. If this magnet be 
removed, the needle of the galvanometer sets in the mag- 
netic meridian and the magnetic field in which it lies is 
that due to the horizontal component of the earth’s, field. 
If now the magnet be replaced with its length in the\iag- 
netic meridian and its south pole pointing northwards, the 
magnetic field which it produces at 
the centre of the coil will be added 
to that due to the earth. The 
needle will now be more difficult 
to deflect, and, consequently, the 
galvanometer will be less sensitive. 

The nearer the magnet is to the 
coil, the greater will this effect be ; 
hence, by lowering the magnet on 
its support, the sensitiveness may 
be very considerably diminished. 

If, Ixowever, the magnet be re- 
placed with its north pole pointing 
northwards, the field it produces 
at the centre of the coil tends to 
neutralise that due to the earth ; 
and hence, by lowering the magnet, 
the field in the coil may be de- 
creased until, at a certain point, 
the field of the magnet exactly 
balances that of the earth. For 
this position of the magnet the 
needle is unstable, and remains at 
rest in any position; and if the 
magnet be lowered still more, the 
direction of the field is reversed 
and the needle tends to turn round 
through 180°, Hence, in this case, the galvanometer 
cannot be used with the controlling magnet lower than the 
position of instability of the needle, but with the magnet 
slightly above this position the instrument is extremely 
sensitive. Currents of the order of one-millionth of an 
ampere can be detected by this galvanometer. 



Fig. 336. 
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: , .Aa'.e'ven more delicate tjpe is the XeMa High-rtsis- 
■'..t'anc® ' Astati© Galiraaometex' shown in 337. It 

consists of four coils en- 
dosed in foiir ehoiiite coil 
boxes arriMiged two alioTO 
and two below as indicated. 

■ The coils are hollowed out 
at their centres and in the 
two' ca'fitiai tliiis forniec! 
hang the two scjte of mag- 
netic needles. Kadi sot 
consists of threie: or four 
needles, tlie two sets being 
fixed to an aluiiiiiii 1111:1 wire 
and, arranged in astatic 
order, {,e. .the' .poles of,, the 
npper set' point in the, op- 
posite 'di.rei!ti:Oii .to, the, like 

■ poles ■ of the lower set. ' .A 
light mne of, iii.ica carrying 
a mirror is fixed to the w.ir 0 
in a position ■ mid. waj.' lb- 
tween the coils as s.l.i.owii 
as it rotates in air it acts 
somewh.at as a ** dainp:l..ng''*’ 
de?ice. With tIiiS',.:i.asl.rn- 

.■■■■ currents 'Of "the ''order 

100,000,000 detected. 

v/- Oalvanometers.— An airly form 

^ D’Arsonval is eiiwn in 

Fig. 338. The rectangular movable coil consists of a 
number of fine wires well soaked in insulating varnish and 
suspend^ between the poles of a permanent horse shoe 
magnet by wires or phosphor bronze strips, which also 
serve to conduct the current to and from the co l 
lower wire s attached to a small sprinrand tl e upti 
suspension to the torsion head at the top of the 
ment; m this way the coil k maintain^ firmly k ik 
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Eormal position, viz. with its plane along the' lines of 
force of the field between the. magnet poles. A cylindrical 
piece of soft iron, 0. is supported within the coil, and, by 
concentrating the lines' results in an intense field in the 
space at each side in which the vertical wires of the coil 
move. 

When a current passes in the coil, the latter tends 
to set itself so as to enclose as many lines of force . as 



Fipr. ^38. 


possible, i.e. it tends to set with its plane at right angles 
to the field between the poles, and this motion is resisted 
by the controlling couple furnished by the torsion of the 
suspension, the coil in consequence taking up an inter- 
mediate position in which the deflecting and controlling 
couples balance each other. The induced pressures 
developed in the coil when it moves in the magnetic field 
oppose the motion and render the instrument “ dead beat.” 
In some types the coil is wound upon a conducting frame 
of aluminium or silver ; in such cases the induced currents 
(eddy currents) developed therein still further oppose the 
motion and increase the dead-beat action of the galvano- 
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meter, further, whea the curreat ceases any oscillation 
of the coil may be prevented by merely cmuiVeting for a 
moment the galvanometer terminals by a «ire of low 
resistance, the damping being as before produced by in- 
duced currents. " 

The direetion of deflection is determined by Fleming’s 
left hand rule ; thus with the current passing as in 
Fig. 338 the left-hand side of the coil moves “out of the 
paper ” and the right-hand side into it. 

The law of this type of galvanometer may bo developed 
as follows. Let 2d be the mean width of the coil, I its 
mean length, n the number of turns, and H the streu'dli 
of the field in which the vertical branches of the coil hang 
Let a, supposed small, be the twmt of the wire. Then 
for a small additional angular deflection 0 the number of 
tubes of force cut by each branch is approrimatelv hWH, 
and the work done is, as in Art. 171, given bv 271 ^ IdBIl 
This gives the mment of the couple causing' deflection as 
equal to 2nl . MM, If T denote tbe moment of the tor* 
Sion couple for unit angular twist of the wire, we therefore 
get 2nmir= Ta. 

But 2W is the mean area of the coil, 
by A we have nIAH = Ta 

or = 

nAH 

This indicates that I is directly proportional to the 
deflection provided E is constant throughout the space 
m which the coil moves. ^ 

The more recent tTOe of moving coil galvanometer 
due to Ayrton and Mather is shown in Fig 'I't,,, 

permanent magnet is of the shape of a nearlv complete 
oylmder— a very narrow air gap only existing bet ween the 

long narrow coil mounted 
m a thin silver tube ; thus the “ damping ” is very efficient 
The coil has no iron core, its shape and the narrow 'air mip 
rendering such unnecessary. ^ ^ 

■ Tn;.-, ' 'rt i A .1 • . .i ^ ' 

iu' ■ which ■■Ilia,' sus*. ■■ 
eurreal'.'.'to'aEd'. 


If this !>© denoted 
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The advantages of these galvanoiaeters may bo fiakl to be 
(1) They are praotically independent of the nmgfifiio liaid 

and may b© set np in any convenient ptwiiii^n, f2| 'l't»e Held in 
which the coils hang is so strong that magnetic Held s due to dy- 
namos, etc., do not aflfcot the reatlings to awy appndahk exlmL 
(3) They are remarkably dead beat and are so Hi-nsitive to 
vibration in their vicinity as those of Art. 175. 

If these galvanometers are intended for baiUstic work 
(Art. 188) it is important that the oBcillatiaaH shtmiii bo 
nnchecked; and therefore a non-condudimj rra,.i}KJ or in bo 
for the coil must he used. 

177, The Tangent €raliranometer»— A simplo, form 
of tangent galvanometer is shown in Fig, 841 , li o.on- 
sists ess(?ntiaIlY of a circular coil of a hnv iiinm of in- 
sulated wire, with a ^mail iiragiictie 
needle pivoted or Husptrmh^d at the 
centre. The nacfxlie is small, so that 
the magnetic held due to the ciirrent 
in the coil may be assuinecl iiiiiforiii' 
over the entire space in wliieh the 
needle moves and equal to the field at 
the. centre of the coil. A light alu- 
minium pointer attached to llie needle 
enables the deflections to, be read on a 
horizontal scale graduated in degrees, 
..-*The needle, pointer, and scale are eii- 
■ closed^ .in .the .shallow cjlincirieal box 
J5, which is fitted with a glass cover. 
Errors due to parallax are avoided by fixing' a iheet of 
mirror glass below the pointer. In working with the in- 
strument the coil is first set in the magnkic ojerklian, 
so that the needle and coil are in the same vertical plane ; 
the current to be measured is then passed, and the angle 
of deflection read oif from the scale. 

In Art. 166 it is shown that the field at the centre of 

the coil is and if the field is uniform in the region 
occupied by the small needle the force W on each pole clue 
to the current is dynes, m being the pole strength 


Fig. 341 
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of tlie^ needle. ■ Fnrtlaer, the force on each' pole due to the 
earth is mE dynes, H being the horizontal component' of' 
the earth’s field. 

Eeferring to Fig. 341a, it will be seen m 

that the needle is at rest (deflection a) • 

nnder the influence of two couples — a de- [ 

fleeting couple due to the current and a 1 

controiling couple, due to the earth ; equat- ' iffle? 
ing these couples we liave ' " I 

Fxad^mExhd, I 

mH i 

= mHtana, - 

ad 


2irnl ' ■ rr i 

t,e, — = mE tan a, 
r 

j 

I = _?1h -fcaji a. 

j 

27rit 

The factor 2vnlr (which gives the field 
at the centre of the coil due to unit cur- 

Hi?- 

I 


rent) is called the coil constant, and is 
the same wherever the instrument is used j 
denoting it by {?, we have 


Fig. 341a. 


The factor EjQ is called the reduction factor, and it 
depends on the value of JT, ie. it varies with the place 
where the instrument is used ; denoting it by K — 

I'^.K tan a. ■ 

If I be in amperes we have 


: tan a 


10-^ tan a 
G 


lOX tan a. 


To eliminate the errors mentioned in Art. 41 it is customary to 
read both ends of the pointer and then to reverse the current and 
again read both ends ; the mean of the four readings gives the 
value of a. 

When possible it is advisable to obtain deflections in the vicinity 
of 45% as in practice the accuracy in readinjg is then at a maximum, 
a given variation in the current producing its greatest effect in this 
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I = fC tan a, 


dl 


d/ 

da 

2 


K Meo*'* tt, 


_ seo® a , , 

I tan a sm 2(i' 

'“'“■j 


.ak" 


txapam 


— A/WWWWVV 
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Fig. 8416. 

replace it. Pass the current for an exat-t lima l o 

noting the galvanometer defleotion ami “,T """f*®' 

Quickly reverse the current in O and run fnr ^ 

each case read both ends of the pointer and taL t ■'« 

angles as the defleotion a. Br^k ^^it wash !l 

and re-weigh the kathode ; let“ gm beTe 

Now ® ‘ ™ increase m -weight. 


— (amperes) and / : 


' lOiT tan a (amperes), 


where z = *0003281 (Art. 151) and * 

current has been flowing ; thus saconds the 

K : 


W tan a - OaoTtoT 
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Examples. (1) The coil of a tangent galvanometer consists of 10 
turns of fine wire on a narrow ring of 22 cm. radius* Find the 
intensity of the magnetic field at the centre of the i^oil when a current 
of one ampere passes through it. 

The intensity, of the magnetic field at the centre of the coil is 
given by 

2TrnI 


Here = 10 ; / *= 1 ampere = ^ C-G.S. unit ; and r «= 22 cm. 

■Therefore 

^ =.g.unit. 

7 X 22 X 10 7 

(2) Calculate the reduction factor of the tangent galvanometer re- 
ferred to in the preceding question^ and find the def ection which a 
cun'ent of 0*21 ampere would produce when passed through the 
instrument. 

The reduction factor of the galvanometer is given by 

.r^rE 


Hence, taking E = 0T8 unit, vi^e have 
K = X ‘Igx J = -063 for 


2 X 22 X 10 


063 for C.G.S. units. 


Also if a denote the deflection produced by a current of O’ 21 
ampere, that is, 0*021 C.G.S. unit, then from 


we have 


/ = A tan a 
•021 = *063 tan a, 


That is, a is an angle whose tangent is |, and is therefore an 
angle of about IS® 26'. 


r 178. 'Tlie Helmlioltz Tangent Galvanometer. — THs 
consists of two equal coils arranged as described in Art. 
168 at a distance apai*t equal to the radius of the coils 
(Fig. 342). The needle is suspended midway between 
them" where the' field is' uniform. ■ 

As in the preceding case, we hare 

F = mH tan a. 




31 
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Jn the region occupied bj the needle ia (Art. 

>V5r ; hence' ■ 


The Sine Gah 
vanometer, cme form 
of which is shown in 
Fig. J143, is an, instrn- 
inent oxaclly similar in 
principle and construe- 
tion to the hingeiit 
galvanometer. It "dif- 
fers from ft oiilj in the 
fact that tlu^ coil and 
needle Ik>x can ro- 
tated round a central 
vortical axis, and a hori- 
ssontal circular scale is 
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provided on wHcli the amount of this rotation can be 
accurately' read. ■ 

For use the instrument is adjusted in the same way as 
the tangent galvanometer, but when the needle is deflected 
the coil is rotated after it until the needle is overtaken by 
it and in its deflected position lies in the plane of the coiL 
The diagram of Fig. 343 shows the conditions of equi- 
librium of the needle, and as before we must have 


jP . = wjET. bd, 

= mH.hd, 

r . 

r r tt hd r rr * 

f — . — j — , „ •_ — JT gin (L^ 

Z7rn ab zirn 


where a denotes the deflection of the needle or the rotation 
of the coil ; hence 

I z=. Ku sin a, 

where K denotes the reduction factor of the instrument. 


Example. A sine galvanometer with a ‘short needle is used as a 
tangent galvanometer ^ and when a giv&n, cum^ent is passed through it a 
deflection of 30“ is produced. Find the deflection which the same cur- 
rent should produce if the instrument were used as a sine galvanometer. 

Here, when the galvanometer is used as a tangent galvanometer, 
we have 


I sz K tan tti, 


and when used as a sine galvanometer we have 
/ = X sin a^. 

And from the conditions of the question we have 


or , , 

But 

therefor© 


K tan = K Bin 
tan ttj == sin Og. 

tti = 3CP; ^ 
tan 30“ = sin %, 


1 

V3 


sin aj. 


That is, is an angle whose sine is — or 

yo 

therefore an angle of about 35® 15'* 


f 

3 ' 


•577), and is 



p' 


: $ 


'if 




III 


' I' 
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BiQsb 

j j 

heater 
Fig. 844. 
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DaddeK Tiiemo-GalTOaometer.— This 
instrument is primarily intended for the deteclion 1,1 
measurement of very small alteniatiny or varvim^../.^;^ « 
e.g such as are met with in telephone circuit.; ami L' tS 
lecemng aerials of wireless telegraphy. A l(«;p <d' silver 
X wire £ hangs by a quartz fibre in between the 
* Wl Pf ^ oi a permanent magnet { h’ig. thM ) 
X I he lower ends of the loop «o aUachti to 

thrMsmTit^^“’^i^ antimony iTsja;cf ively, 
the hotfe*^ and antimony hting in coiita.-t at 
the bottom. Below this junction is sif.,(af..,i 
the heater, which is a filament of wire or a 
quartz fibre platinised; these heofm-s Ir of 

vvnen tne current pa.sse8 through the heater 
part of the h^t developed is radiated to the 

a tlui .UB^ed loop m i dmoto 

through the jmietion of these two, and th^iomf 
fleeted ]ust as m the) case of the movinw enii i ^ 

The deflection is read by means of the mlmi' 

lamp and scale; it is pronortiona) te “***^i‘'*^ -SP. and a 

current when the heater*^ is Ltral untr the jSLf 

tiveness of ”a ^gal^orStw^orto"'^” 
prevent damage to the instrument 
it IS frequently necessary to send 
only a portion of the current 
through it; this is effected by con- 
nectmg the galvanometer terminals 
by a wire termed a “ shunt ” tFiff 
345 ). 

If I be the total current, L the 
portion in the galvanometer, jr 

X — s 



%. 845 . 
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G + S 


ili + h)-- 


G + 8^ 


. G + 8 j 


Thus from (1) we learn that the current in the galvano- 
meter is obtained by multiplying the total current by the 

factor and from (2) that the total current is 

obtained by multiplying the galvanometer current by thg 
G 4“ 8 

factor — ; this latter factor is often denoted by m 

and is called the multiplying G 

power of the shunt j thus ''---c========^ 

To send 1/10 only of a current [ ^ — [( j] — ^ j 

through a galvanometer the mul- \\\^ 
tiplying power of the necessary 
shunt must be 10, and substi- 
tuting this for m in (3) we find 

that 8 '=-\G^i.e, the shunt re- L >ZlZr“'] 

sistance must be ^ of the gal- «»vKKM\M\N 
vanometer resistance. Similarly ^ ^ ^ M ^ n M ‘J 
of a current or o* a hj\[\r''\I\ 
current may be caused to pass j ^ 
through a galvanometer by using 
shunts having re.sistances ^ and . 

respectively of the galvano- 
meter resistance. A shunt box designed to meet these 
requirements is shown in Fig. 346 ; by inserting a plug in 
any one of the three holes any desired shunt is put across 
the galvanometer terminals. Such a shunt box can only 
be used with the particular galvanometer for which it is 
constructed. 


■I 
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G^ ■ 
<^ + *SV 


= 


= 0- 


347. 


■ , 

-srsi.'; ff ~ 

■ mftSlI V ^ ^ ^ aiii, I . 

into oiratot! '■®<i'“«'‘^ ro.HiKtA„o« 

,rp™i«^‘”'"?^1 Ayrton’s ■■ Otii. 

v^eraal eliunt %vhivh iih»» ! 

empioyfd with a«„ gal'4n. iur"" 
v\Uii the level, tm fityf.;l | thtwhr^m 

hyw Zltr i». 

' _ iWHK) , ,. 

^+ iSSif) ‘'"* ourroiit. 

tKp**K ®>0<W-oto coil is insertedTn '* “t’Ki 

■ 1000 , 1000 

IG + 9000) +1000-’ *•*• r+loo® ‘”*“5 '=«>-r«nt, 

mmT. Jt “V'’® “d sol Zroi Jriv il- 

b« con- 

then shnnted the deflection U .« 

two flat spirals of^^a short 

axes m the same straight Itee f leir 

them then (provided thVhal b£&® 

ment) they are found to aplS ®"^e- 

another, thus indicating resD^tivoto from one 

Sion, according as the currents ciiSfate ^‘Tf. " 
same or in opposite directions t 

■t>eanng m mmd that the 
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current renders each spiral practically a magnet, and also 
the fundamental law of electromagnetic polarity, it is easy 
to see that these actions are in accordance with the laws of 
attraction and repulsion between two magnets. 

Ampere demonstrated in the case of straight circuits 
the, following laws : — 

(1) Two PARALLEL cuTfents attract OT repel one another 

according as they flow in the same or in opposite 
directions, 

(2) Two KON-PARALLEL currents attract one another if 

both approach or both recede from the point of 
meeting of their directions, while they r^pel one 
another if one approaches and the other recedes 
from that point. 

These laws are illustrated in Mg. 348, which the 
student should carefully study. In the lower right-hand 

1 t 


Eepuluion. Attraction. 

Attraction. Repulsion. 


I f 

V . I 

Fig. 348. 

figure the Tertical current attracts the portion AM of the 
horizontal one and repels the portion ifeB, but since AJf is 




Repulsion. Attraction. Attraction. 



Attraction. Repulsion. 


A > ^ B 




MAGNHTIO KFFBOTS OF CtTEREKtS, 


longer than MB there is, on the whole, attraction ; if M 
were the middle point of AB the total force would be nil. 


The expenmeiita whereby Ampere’s laws are Cdtablwhed nierolv 
consist in having two oirouits, one fixed and tlie otiier movable 
placing them in various relative positions, and piosiiig mirronts iil 
sundry directions. One form is indicated on the left of fig S48 ■ 
the movable coil is bent in the form of two rcelaticIeH in su'oii' a 
way that the ourrent flows through them in oppoHilc diicdions 
(thus nullifying the effect of the eartli on the nppanit iifi) and the 
coil IS suspended from the mercury cups G, 0 ; on bringing t he second 
current-carrying circuit mto various positions the laws may bo vcri- 
fled. _lhe truth of the first law is also evident from the distribu- 
tion of the lines of force shown in Figs. 2D4 and 


183. Force between two infinitely long Parallel 

Conanctors and between two Coaxial Coil s.'-’-l jet 1 

. A the currente in the two eojiductors 

^anditr(Fig. 349). The field at uny p»mt 
m N due to the current in 3f ia equal to 2I/tl 
where d is the distance between the condiie- 
tors and the direction of the field is at right 
^ ^Jtgles to the plane of the conductors. The 
ity e -) /i/ force j>er unit length exerted on N in this 
uniform field of intensity 2I/d is (Art. 170) 

of the curreiit, the ielci 

and tile length considered ; beam 


Force per unit length 


i ! Force per unit length = M4.. 

Kg. 849. Similarly for the force on if due to the 

current m if, and by applying the hand rules 

previously given it will be found tluit the force is one of 
attraction if the currents are in the same direction and oii,. 

of repulsion if they are in opposite directions. 

Consider now two equal coaxial coils, A and B at dm 
tance d apart, carrying currents I and I,. I'bo force on 
imit length of B due to A is 211, /d and the total W on 
B IB the product of tlbs and the circumference ; thus, if r 
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Next let B (Fig. 350) be a small coil of radius rj and let r be tbe 
radius of .4. Let H be the field at tbe near side of .0 due to A, 
Let the equivalent magnetic shell for B have an 
amount of magnetism m per unit area and a thick- 
ness dx ; then 

Force on the near side of B mirr^H (a) 

Field at the far side oiB S -^dx 

dx 

Force on the far side of B 

= »nrrj’“ (jl - ^ dx'j (6) 350 

Hence' 

dH 

Resultant force on B = (a) - (6) = dx^ 

Now mdx is the moment per unit area or the Btrength of the equi- 
valent shell and is therefore equal to the current Ii in B. Again, 
the field H oX B due to A is (Art. 167) given by 

jy jg, 27r r^/ . dH ^ _ Qrr^Ix 

(r^ -h a;*)!’ ** (r* + ac^)!' 

».«. Force on R = ^ ^ = - — i — ^ (3) 

(r® -f- a;^)^ (/■* -f 

This is zero if d = 0 and numerically greatest if d = r/2. 

Again, if d be great compared with r, so that in the de- 
nominator may be neglected, (3) becomes 

Force on i? = (4) 

In Art. 35 it is shown that the force between two small “ end 
on ” magnets is ^MMJd ^ ; in the case of two equivalent current 
circuits if = and ifi = and the expression for the 

force becomes ; this is identical with (4) above. 

In all the cases considered the force is proportional to 
the product of the current strengths. Measuring instru- 
ments depending on the mutual action between currents 
are known as electrodynamometers, 

184. Siemens’ Electrodynamometer,- — This instru- 
ment (Pig. 351) consists of two coils, one of which, ABCD, 
is fixed, the other, FQHL, being movable and suspended 
by means of a silk thread with its plane perpendicular to 
that of the other. The spiral 8 has one end attached to 





angle through 
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and siace tliese balance eacb otlier— 

P oc i.e. I oc 

.% j = jg:/§, ■ 

in whicb JT is a constant wMch may be determined by 
passing a known current and noting tbe value of 0. 

Eeversing the current will not alter tbe direction of 
deflection, for it will be reversed in loth coils ; tbe instru- 
ment can, therefore, be used for alternating as well as for 
direct currents. 

185- Weber's Electrodynamometeri — In this instru- 
ment a small coil is connected in series with a larger fixed 
coil and suspended at tbe centre of tbe latter by means of 
a bifilar suspension. Tbe current is led to and from tbe 
small coil by means of tbe suspension. When no current 
flows tbe axis of the small coil is in tbe meridian and at 
right angles to the axis of the large coil. When a current 
flows the small coil tends to set itself coaxially with the 
large one, and this tendency is opposed by the action of 
the earth (if the moving coil has its north face north- 
wards) and the bifilar suspension, the small coil finally 
taking up a position in which the opposing couples 
balance. Tbe coils are frequently arranged after the 
manner of the Helmholtz galvanometer as shown in Eig. 
352. 

Let G be tbe constant of the large fixed coil, I the 
current, A the face area of the srnall movable coil (total 
area of all tbe turns), K tbe constant of tbe bifilar sus- 
pension, M tbe earth’s horizontal component, and 0^ the 
deflection of the small coil. 

The deflecting couple is GI cos 0^ (compare Art. 177, 

Yiz. X = Glm X ah COB a =z GPA cos a, since 

the moment of a coil is Id). The controlling couple 
due to tbe earth is AIH sin 0^ (compare Art. 20, viz. 
ME sin 9 == AIH sin 9). Tbe controlling couple due to 
the bifilar is iC sin dj ; hence 
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OPA cos = AIE sin + JB: sin 

GPA 

aPA _ K 


*, tan 01 — 


AIE + s: 

GPA 
K 


1 + 

PEGA^ 


AIE 

K 


Now reverse the current and let 6^ be the deflection. 
The couple and the controlling couple due to 

the bifilar will act as before, but the couple due to the 
earth will be reversed ; hence 

GPA cos (9j = — AIE sin 6^ + E sin 0^, 


^ „ GPA , PEGA^ 

tan p, = — + 


Adding (1) and (2)- 


K 

2GA 


(tan 01 + tan 0,), 


i.e. 


J = fcVtan 01 + tan 0«^. 


By passing and reversing a known current h can be 
determined. 




186. The Kelvin Current Balances. — The general ■ 
principle of these will be gathered^from Jig 353 
them there are four fixed coils, P, Q, B, 8, placed hori- 
zontally, and between these there are two movable ones, 

A B arranged at opposite ends of a light balance beam, 
the lUter being hung at its centre by a number of very 
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fine capper wires, wMeli also serve to lead the cunvnt to 
pd from the movable coils. With current nnssiiu' •!« 
indicated it is clear that the lieam will tiit upwar.lH on f L. 
riglrt, the left-hand side falling. A horizontal wale is 
fixed to the beam, and by means of a suitable Mihlin-' 
weight, which can be moved along the scale bv means of 
cords and a corresponding counterpoise placed in jpg 
trough T on the nght, the beam can be bmuoiit p, j(-„ 
initial po.sition and the current calcuhtleti from jlm nosition 
of the sliding weight and the known cointiint.H of ihe in. 
Struin0nt._ Kach sliding weigiit has its ,.wii rartimilar 
counterpoise, the latter being so constructed tliaf it licens 
the beam horizontal when no current is piiHsino and (he 
sliding weight is at zero on the scale. Ulearlv, if (lie slid- 
mg weight be at distance d from zero when* the U‘am is 
brraght into the horizontal, the restoring cmaile is pro- 

to w proportional 

P<x d, i.e. I <x -fd, 

I = K^Z 

I&oh fastrument is fitted with two seales, a fixetl one of k«.« 
dmsioiM, the Things of which are proportionai to thu mimn rial 
of the dtstance/rom zero, and a movable fine soak, wliif-h i/usw 
when great accuracy is required, each number on the «mi Se 
bemg double the square rwt of the number ooincidinl wiSf t 
TO toe fine B^le. thus if ia a test the pointer is not exaetiv 
below one of toe divisions on the fixed scale, too fine side SS 
istaken; if this be 301 , then, since Zm « H-SS the^.« rTi * 
of the fixed Bc^le is ^-7. ’and tok n4.ber mSt 
tiouto oonstent supplied with the instrument gives the ourS 
Wg™3^. ^ appearance of the instrument is 8howr"n 

There are nmny types of these balances, all alike in 

i. »«tn.otio. Ji,;” 

18*7. Ammeters, Voltmeteaps, and a 

and voltmeters are oommeroial instraments for .v 

current strength and potential 

the same design is utilised in both, burSaemtei 

that an ammeter is a low resistance instrument, whikt a tlS? 
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mmt be of high resisfcariee. ■, Sinee an amiiieitr hm fc,^ iii, manure fch« 
current ifc must be placed tn tkt cimtii through whhdi I ho. tnimmi 
passes, and must of .necessity ba of low resjataiice ; n. vult mater h 
always cunneeted in pnrafkl with that porlion nf i.lr- ftavuifc ff,r 
which the potential deference is requimi, and its nocHf ocr 
therefore, be large. ■■■ ■ ' ' 

To increase the range and enable large l.i, y. 

ammeters are often prodded with apeeijk ; ihmi an, ammeter 
tor winch tho maximum permismbie eurrwit is | ampm-e imiv be 
employed on a 2 ampere circuit by using with it a hlung huviier i 
the animeter resistance, for iu this cjimc only r.f moTnnt 
passos througli the imimimmt. Simiiarly, tii ih,* L of 

voiteieters arc ofteiMi^ with thmii ' ilom ir 

r, )0 the total P.I). to be K, thi i'.lK nu t.nMbi, „ 1 

the resistance of the voltmelur, anil A\ the h. i i,.s ’ 




There are many amnieters and voltmeters ivhieh .!.'t«-ml for f l...ir 
action on the principles dealt with in this el»i|iler, liiit a icrv brief 
reference only to one or two types can be given Iwri*. 

The prmapk^uf Mm»m. Sie- 
meiii Mtm, a»cl ©odi: Hraisritj 
0oB.trol will li 

gathered fmm Fig, 3,11. Here 
i IS a tliifi soffc....|roii, pliite Iked 
on & horixotibil axle '/I., wlildj 
■also carries ■■111© fiointer P iiad 
a^5rojcotiori,„|j ki the end fd 
which the ciirveil wire IF carry* 
mg ■ the .piatoii S m ■ittliitdieci 

im ill the tii|» 

J /, thereby 

; damper whlc!li' , rewlen,..' tli© In, ■ '■ ' 
,struroenfc''deiitlJ:)e.at,'.' &■«' 
■attiiehed two balance iii'rfif,' ©aeli '' 

, carrying a w<fight {not hliownb 
Un the passage of a currmit 

the is ^ T1 «>». thSy raovinFllie mlhto m 

Mnenoe’ by T 

The Weston Moving Coil Instrument is shown in Fn- 


COIL 


COIL 


Fig. 354. 
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moving part of the instrument. The other end of the coil is 
eimilariy attached to a second hair spring, /Sf, seen in the lower 
part of the figure. These 
springs are coiled in op- 
posite directions ; they 
lead the current to and 
from the coil, and fur- 
nish the controlling 
couple which balances 
the deflecting couple 
when a current passes. 

The principle of action 
is that of the D’ Arson val 
galvanometer. The in- 
struments are dead beat, 
damping being due to 
induced currents in the 
aluminium frame. 

Wattmeters indicate 
the rate in watts at 
which energy is being 
utilised in any part of a 
circuit, ».e. they measure 
the power.’* Siemens' 

Wattmeter (Fig. 356) is identical in principle with Siemens’ elec- 

trodynamoraeter (Art. 184). 

The moving coil C (Fig. 356) 
is of low resistance, and is 
inserted in the main circuit ; 
the high resistance fixed coil 
V is joined as a shunt to that * 
part of the circuit for which 
the power consumption is 
required (a lamp L in figure). 

The planes of these coils are 
at right angles. On closing 
the circuit the main current 
I passes through the moving 
coil, and a small current pro- 
portional to the voltage E q,% 
the lamp terminals passes 
through V, The turning 
moment is proportional to 
the product of these currents, 
i.e. proportional to AY or the 
watts expended in L, When 
the movable coil is brought 
back to its normal position 

by turning the torsion head and its pointer through an angle 
M. ANDE. , ' 32' ' ; 






ill of 

wy, the tiOTiing moment is Imisfioed liy tha fcoraioiial momeat wlileh 
IS proportional to D®. Henee 

MIm if, 

»-€. Watts expomled in h - KlJ, 

where K is the constant of the instrument, which iiimit be fleter. 
mmecl experimentally. {See Technkai MmiricUy, Cliapt4ir XXflL| 


Type.— A ballistic gakanometer is an ordiuurv 

plvaaoraeter with a moving syHtfini of Jurgfs 'iiK.inont o? 
inertia. It is nsedfor measuring the yi«i«f/fj/uf eltHttrieiiy 
passed tlirough it not as a couthuious curn‘nt, Imt as a 
sudden discharge, and the moving systom hag » ]a,y,. 
moment of inertia, so that it may i« gl„w in licgimuiii/ to 
move under the impulse of the sudden discharge, and will 
therefore not have moved appreciably from it« position of 
rest duiing the time the discharge takes fo pass tJirough 
the galvanometer. Further, in these instruments damtHUL' 
must be as small as possible, and for what exists a correct 
ton must be made (Art. 190). 

l^t (? denote the constant of the galvanometer coil, 
^ wntrol field, K the moment of 

merfcia of tlie needle, and M its magnetic nioiiieiit. If the 
current at amy instant during the discharge baa the value 
fL strength of the deflecting field, and, if 

tee nee^ae 18 supposed to be maippreciablj deiittJted from 

the 4charge. itfiir is tee mo- 
ment of tee couple tending to deflect the needle. 

The angular acceleration due to this couple is l^and, 
therefore, during the very short time,Sf,for which the mirrent 
has tee value I, the piin of angular velocity is 
During the whole discharge, therefore, the angulaf vdo- 
city imparted to tee needle is given by 1’ Si the 

summation being for the whole time of the dischfrge. 

Rut _ <?if 
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where Q denotes tlie total quantity of electricity discharged 
through the galvanometer. 'Hence w,' the^ final angular 
Telocity of the needle, is given hy . 

K . 

or JTo) = MQQ (1) 

The kinetic energy of the needle is given hy s^nd 
this must he equal to the work done against the couple due 
to the control field M during the deflection throw of the 
needle. Let a be the angular deflection of the needle. 

Then == lfjEr(l — cos a) 


= mH 


........ ( 2 ) 


for ME (1 — cos a) is the work done in deflecting the 
small needle through the angle a in the field JT. 

How if t denote the time of the swing of the needle 

and therefore K = 


Combining the relations (2) (3) we get 

(K(i)y = : 

, ■ ■ < . W- . 


MEt . a 

.,W ,2 


Substituting the value of E(a given by (1) in this, we 

nry^n . ® 


Et . a 
wG 2' 


Thus the quantity of electricity discharged through the 
galvanoTueter is proportional to the sine of half the angle 
of the first swing of the needle. If the deflection of the 
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spot of light on the scale be tl, and iJ Im tin! bf*! ween 

tlio mirror and sca-k, dfiD majbe used fo!' sifi and 


189, Tlie BalliBtic CJalvaiiomcter j Moving Coil 
Type,~Ii- I be the length of the vorfieal sido of the e<dl 
(Fig. 838), II the field iu whkh ii haiios and / the enr- 
reut at any instant, the form on each lertieal Hidi‘ k iiil 
(Art. 170) and llllb is the defleenmr euupha nla-re h is 
the breadth of the coil; but lb is the uiva. A of the 
coii, so that the deflecting eoupie is lifA, This ruken tlm 
place of lixM in the precc!ding investigation, and proceed- 
mg as before we obtain in place of (1) the. i^%invmhm 

iClD =r ilAQ (4) 

^ As in the previous ease, the kinetic energy k but 

m case the coil is brought to rest by doing mni: in 

twisting the suspension. 

If c be the couple due to unit twist, ra is ih© cmiide due 
to twist a ; tl'ie worh done for an eitm twist da h « . a . da 

and the total work for a >twi«t a is P e . a , da, i«, • 

hence ® 


But from (4) 


- j.« 


EU^Q^ 
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la this case the quantity is therefore proportional to the 
first angular swing a and not to the sine of half the angle, 
as in the previous case. Further, in this case B. is the field 
to which the deflections are due and it appears in the de- 
nominator ; in the previous case K is the controlling field 
and it appears in the numerator. 


190. Correction for Damping in Ballistic Gralvano- 
meters, — If great accuracy is not required we can pro- 
ceed as follows. Let be the first swing and the next 
swing of the needle in the same direction. Then the dif- 
ference, ctj^ — ttg, is due to the damping during four such 


successive swings and therefore ^ 


is approximately 


the correction for damping during the first swing. Hence 
the corrected value of the first swing is 




A more accurate treatment is as follows If ai 03 . , . be suc- 
cessive swings to left mid right it is found that 

= = =a constant = h, 

. eta a-i 

This constant h is called the decrement, and log« k is called the 
logarithmic decrement and is denoted by 7 ; thus loge& = 7, i.e. 

& = ; hence 

Ctj ___ Qf2 „ 0'S ^ ^7 

Now the decrease from to takes place in half a complete 
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mwBom immtmm. 


vibration afid ^ 

and m oiu Thus il a bo tUo oU. .„-u. 
would Imveboeii if dariipingM Imm ulmut, tiuui, hh iiorioii m 
quwtioii m a c|iiarior vibration, ^ 


Clearly .for a whole viliratjfjii, ra #>a.1 
deserved brnt nvu'ijj^aiid nJ whai ii, 


, ‘i = i 4. X«f tmim In y* mid liigher j^uwers 


I y Kinco 7 Ih a! wayn Muiall, 


.•.-=a(i+.|), 

Tims to correct for dumi.iiif- tlm observed swioK >* must, i,(, mult,!- 


■ H mum, hii luiatl- 

plied by the factor ( I + |-) ! tlm iii«d fur ll,« two 

types of galvanonietors are therefore 




Exercises XII. 


Seetiott B« 


(1) Determine the resiatanuo of a slmiit whicii witeu joined to a 
galvanometer of resistance 3,063 ohms will result in ( f the total 
current passing through the galvanometer. Dctormine aL' Lithe 
joint resistanoe of the galvanometer and shunt LL the Ltirimi 
r^isW which must bl added when the shunt i; 
the total eurrent may be unaltered, w imi; 


(2) The resistanoe^of a shimted galvanometer is.7S olim« that of 

the shimt iOO. A eertain defleoiion of the galviifif Juictvr 

obtained when the r^istanoein the rest of the circuit is JMhjhms 
additional resis^oe must he iusened that the nalvano" 
meter deflation may remain the same when the shunt is remo3 
What is the multiplying power of the shunt ? “ ' 

(3) A circuit contains a battery of 1 ohm ^ i * 

galvanometer of 4 ohms, and other oouduotora of o ,* 

Jhe galvanometer definition is U»S£"^W L wiini'*''?'" 
flection be (if deflection is proportioarto c««nt) wLmLlm 
galvanometer is shunted with a 4-ohm coil f Vi... „ , • t 

ing power of this shunt? ** "‘“Ittply- 

(4) A galvanometer of 4 ohms resi8tane<% i« in » ? 

total resistance is 80 ohms. The £al vaiMmftfm/ff where the 

a 4-ohm coil, find the ratio K^nt n thTa 

before and after it is shunted. « the gaivaaometor 
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Section. C. 

(1) Bxperimeiits are to be arranged to find out bow a conductor 

carrying an eleotrio current tends to move in a magnetic field. Wbat 
experiment would you arrange ? ■ ■ . , (Inter. B. So.) 

(2) How may the intensity of the magnetic force inside a solenoid 

be approximately calculated? What is it in one of 300 turns, 15 
cm. long, which carries a current of 0*2 ampere? What effect has 
the diameter of the solenoid ? (Inter. B. So.) 

(3) Explain how the current in a tangent galvanometer properly 

arranged is proportional to the tangent of the angle of deflection. 
Describe some form of tangent galvanometer, and explain how the 
sensitiveness can be varied by suitably placing a magnet outside a 
galvanometer. ' (Inter. B. Sc.) 

(4) How would you show by experiment that the magnetic field 
due to a plane current circuit, at any distance great compared with 
the dimensions of the circuit, depends not on the form but only 
on the area and the current, and that it is equal to that of a certain 
magnet set with axis perpendicular to the plane of the circuit? 
Show, by considering the case of a plane circular current, that the 
moment of the equivalent magnet is (area x current). 

(Inter. B. So. Hons.) 

(5) State* the rules by which the force acting on a conductor 
carrying a current in a magnetic field can be determined.^ A 
vertical circular ring, radius a, carrying a current t, is in equilibrium 
in the earth’s magnetic field when perpendicular to the meridian. 
Bind the work required to twist the ring round a vertical axis until 

ite plane coincides with the meridian. (B.bo.) 

(6) Define the ampere, and find the direction and intensity of the 

force on a circular coil of n turns wound close together through 
which a current of A amperes is flowing due to a magnet wbos® 
poles lie on the axis of the coil. (B.Sc.) 

(7) Describe the construction of the moving coil galvanometer, 

and explain how, with the addition of a shunt, it can be used as an 
ammeter for large currents. (B.So.) 

(8) A small galvanometer needle swinging freely under the earth’s 

force alone makes three oscillations per second. The control mag- 
net of the galvanometer is replaced and adjusted until the needle 
makes one oscillation in 3 seconds. A millimetre scale is fitted at 
a distance of a metre from the mirror. Find the intensity of the 
magnetic field at the centre of the galvanometer due to unit current, 
if a current of 10""'* ampere produce a deflection of 20 divisions, the 
value of H being 0*172, ^ (3^-So.) 

(9) Two single-needle galvanometers, A and J5, are made geo- 
metrically similar in all respects, the linear dimensions of A being 
n times those of The magnetic fields are soadjusted by exterior 
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magnets that the periods of vibration of the neeilles are equal. 
What is the ratio of the angles of deflection when the name steady 
current is sent through each f ( li Sc. I foiiH. | 

(10) Find an expression for the magnetic pntendal of i* circular 
coil of n turns of mean radius r, carrying a current ol' c amperes, at 
a point situated on the axis at a distance a: from the centre of th <3 
coil. Deduce from this an expression for the force extorted by the 
coil on a magnet pole of m units placet! at the point in tpteHiion. At 
what point on the axis is the rate of change of tliiH force a maximuni 
for a given small change of xf A coil of 40 turuM likt* that tif a 
tangent galvanometer of mean radius 12 cm. carries a carrentof 111 
amperes. What is the intensity of the fkid in C.U.K. units which 
it produce.s at a point 50 cm., along its axis from the o*^ntrB of the 
coil? IJISV. lIooH.) 

(U) Two circular coils of wire are pkeeci with their plancH paral- 
lel to each other at a distance 5 cm. apart l‘hc larger oh! hm 
a radius of 10 cm. and SO turns of wire, the snuiiler a radius of 2 
cm. and 20 turns of wire. Calculate appneximatejy in grammt‘H 
weight the mechanical force between tli© coih w hen a current, of I 
ampere is jmssed through both, proving any formula UHcd Show 
how the principles thus illustrated are applied praefi^'ully in the 
ampere balance. (IhScu Hfirig.l 

(12) Explain how to determine the absolute value of the current 
which produces a given' deflection on the doulile coil tengeiit 
galvanometer. (B.'Se.) 

(IS) The wire of a grdvaiiometer has the same reHihlance a« that 
used for a telegraph line. At 100 miles from the battery the needle 
is deflected through a certain angle, the wire in the coil riiakirig Ili 
turns. The galvanometer being removed to 250 miles from the 
battery and the number of turns in the coil doublofi, iht 3 dctilecti'on 
is the same as before. Prove tliat the internal roHislancc of the 
battery is equalto 50 'miles of wire, find that to prr^^lmre the name 
deflection at 610 miles the wire in the coil munt make 44 rcvolu- 

(Trinity llalL) 

(14) Assuming that the action of a maguctic polcf on an clcmrut 

of an electric circuit varies as the sine of the anglo, fw-twitm the 
distance of the pole from the element mid tlip dirtrlifm of the 
element directly, and as the squuro of that diM.iuro iiiverhtdv and 
IS perpendicular to the piano through the pyhj mal the chmifn? 
prove that the action of such a polo on any chiHcd ciimdt is in all 
respects the same a.s it woubi be upon an infijiitelv thin mBLUNflic 
shell bounded by the circuit ' iTriiwf.,) 

(15) A reebiiigla of wire carrying a current l« hung up in a ylven 
vertical plane, anri one of its vertical aiilcH is capable of Mlnu 
along the two hunxontal sides, Find the force uinjcHMary keep 

tlmt Bide from slKiing. (Trimt/oolkK^ J 


CHAPTER XIII< 


HEATING- EFFECTS OF OUEBENTS. 

191» Tlie Laws of Heating Effects of Currents ! 
Tkeoretically.— -The unit of heat is the calorie, defined 
as the quantity of heat required to raise the temperature of 
one gramme of pure water from O 0. to 0,, but for 
practical purposes it maj be taken as the heat required to 
raise the temperature of one gramme of pure water one 
degree Centigrade. Heat is a form, of energy, and the 
mechanical ec[uivalent of heat (/) may be defined, in 
this connection, as the number of units of energy which is 
equal to one calorie ; experiment has proved it to be 
4*2 X 10^ ergs; thus 

1 calorie = (4*2 x 10^) ergs = 4*2 joules, 

1 joule = *24 calorie. 

Ifc is in order to have the statement 1 calorie = (4*2 x 10'^) ergs 
exact (Rowland’s work on J ) that the calorie is defined above for a 
temperature range of 9|° 0. to 10J° 0. 

We have seen that whenever a potential difference 
exists between two points in a circuit an energy trans- 
formation occurs between them. In the case of a battery 
the poles of which are joined by an ordinary conductor, 
the whole of the energy supplied by the former is trans- 
formed into heat partly in the battery and partly in the 
conductor. Should the external circuit contain a volta- 
meter or motor (and therefore, as we shall see later, a 
back B.M.F.) a certain amount of the energy is utilised in 
chemical or mechanical work, the balance again appearing, 
however, as heat in the circuit. The transformation of 
electrical energy into heat always takes place when a 
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curren.t , lows in a conductor ; the laws relating to the 
deTelopment may '.now be establiahed with exacfeaesfi as, 
follows:— 

Consider a ourrent»carrying wire | let K denote Ihe PJ), and I 
the current, both in eleotromagiietio itnita, and let t denote the 
time in seconds during which the enrrent flows ; thou (Art. 

M = energy (in ergs) appearing as heat when unit eleciroiiiag- 
netio current flows for one second, 

.% MI = energy, (in ergs) appearing as heat when / eleetroniag- 
netio units flow for one second. 

And MIt = energy (in ergs) appearing m heat wlmn / ekcii'o- 
magnetic units flow for ^ seconds. 

Wow the mechanical equivalent of heat in (4*2 x I0*| ergs per 
calorie; hence if II be the heat in eahjnha in the ca“c abnve, 
(4*2 X 10’),^ ergs will represent the tote! energy appearing as heat 
in the conductor. Clearly, then, 

(4-2 X = mti B - -24*11' 

Hence, when a current of / e.m. unite fluWH for I sewuHls totwecti 
two points of a conductor where the P.D. is A’ e.m, unite, the kmi 
produced is given by the expressiona — * 

Heat in calories = •Zi—H - = -24 , 

ao- 10’ /i.io’ 

Heat in ergfs Elt = I'* lit = f, 

li ' 

E being the resistance of the conductor in e.m. units. 

•If the P.D, be. volte and the current / amperes, then, since E 
volts are equal to {M x W) electromagnetic unite ami I ainpcreii 
are equal to {I X^) electromagnetic units, the flrafc exprwiion 
above becomes 

H = = -24 mi. 

Hence, when a current of / amprea flows for t aecemds between 
two points of a conductor where the PJ). m M volte, the heat pro- 
duced, In calories, is given by the expressions— 

Keat in calories =: *24 MB « *24 « *24 

■ Jt ■ ■ 

E being the resistance of the oonduotor in ohms. Again, suwe one 
joule is equal to *24 calorie, the heat produced in Jtmics i» given by 
the .expressions-^ ■ ■ ■ ■ . . . ■ 

Heat ia Joule. = Elt - /»Ke = ^'^t. 
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Any of, tlie aboTe. may be taken as the matbematieal 
statement of Jonle^s law relating to the beating effects of 
a current ; it is customary to take tbe second, wMcb em- 
bodies, tlie facts tbat— 

(1) Tbe beat produced is proportional to tbe square of 
tbe current strength. 

(2) The beat produced is proportional to the resistance, 

(8) Tbe beat produced is proportional to the time the 

current' flows. 

192. The Laws of Heating Effects of Currents !' 
Experimentally,— The laws given in the preceding sec- 
tion may be verified experimentally as follows : — 

Exp. 1. To verify that the heat produced is proportional to the 
square of the cwrrew^. —Arrange apparatus as shown in Fig 357, 
where if is a battery of about 8 volts, ^ a 
variable resistance, G an ammeter or galvano- 
meter of known reduction factor, and 0 a 
calorimeter. The latter (Fi^. S57a) is a cop- 
per pot containing water, in which is im- 
mersed a spiral of German silver wire, the 
ends of which are attached to two stout copper 
leads, a, h ; through the stopper also pass a 
stirrer 8 and a thermometer T, graduated, 
say, in fifths or tenths of a degree. The 
calorimeter G should be hung by threads inside 
a larger copper pot, and the inner — ^ 

C 

-© 

B 

Fig. 357. Fig. 357a. ■ 

the latter and the outer surface of C should be smooth and polished. 
(In Fig. 357a G is drawn as if transparent, to show the inside.) 

Hote the temperature of the water, and then pass a current Jj 
for, say, 5 minutes, stirring the water and keeping the current 
constant ; note the rise in temperature of the water, say Of, Now 
cool the water down to approximately the same temperature as it 
had at the beginning, and repeat the experiment with a different 





Many precautions and corrections (mcliaiionj etfL) um netjcHwir? 
for an accurate determination. 


193. Brise in Tempemtnra of a Wir# dme to tlw 
Passage of a Carreiit.-^'Joale^s law relVrK to tiie htmi 
produced in a conductor, and though the rim in iempem- 
ture certainly depends on the amount of heat ckj?elope/l, 
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current, I2, flowing for 5 nimutes ; note the riKe in Unopcrjituro, 
Since the mass of water and other comlitlons are ecjiistanl, the ri.se 
In temperature is proportional to the heat procluf-*e<l, and it will be 
found that 

£i = V 

ie. the heat is proportional to the square of the ciirn*nt. 

Exp. 2. To mrify that the heat prorhieM hj a mrrf'Uf h propor- 
tional to the resistance , — Arrange two Joule’s eftlfii’iuitif.erH, A and £\ 
and a battery in series. The calorimeters must be alike, 

and contain equal quantities of water, but the iieatiu'^ HpiralH inir' t 
bo of diflbrent lengths, so that the resistance of the spiral in A ii, 
say, III ohms, and that in IJ, say, ohms. Pass the ourrtujt ft*r 
5 minutes, gently stirring the water in each ealoriinefer. Note fhe 
rise in temperature of A ^^tid of IJ (d/). 1’hw sanui current has 
passed for the same tiine tbnjugh both, and it wall be foinal that 


0 , ^ 

Le. the heat produced is proportional to the resist amn*. 

An extension of Exp. 1 enables the value of ./ to In- tletermined 
experimentally, 

Exp. 3. To determine the Mechanical Hquirnimt 0 / liutt,--- 
Arrange as in Exp. i, placing a known mass {M grnu) of W'ater in 
the calorimeter j the current must be kept constant lhrou;.fhout the 
experiment. If / be the current in e.m . units, A ihc? jesistance of 
the coil in e.m. units, and t the time in secunds the uirient passes, 

Heat in ergs = .% Hmit in eabries ^ 

.»/ 

where / is the mechanical equivalent (ergs per calorie). 

Again, if w be the water equivalent of the falorimetrr, r.caier, 
stirrer, and thermometer, and 0^ the rise in temperature -- 

Heat in calories === (M f 

, I’^Mt rnr i Mi'- * ' r /*/cV. 
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sundry other factors exert an influence. , It is obTious' 
that were equal amounts , of beat communicated to two 
wireS; A and of the same material, the former being 
short and thin, the latter long and thick, the rise in 
temperature of A would be greater than that of B, since 
the quantity of matter to be ' raised in temperature is 
smaller in A than in B» Again, each wire would be 
losing heat by radiation from its surface; experiment 
shows that, other things being the same, the greater the 
surface area the greater is this loss, and, further, the 
radiation is affected by the nature of the surrounding gas 
and its pressure, and by the character of the surf ace, black 
bodies, for example, emitting radiation more freely than 
white or transparent ones. Yet another factor, the 
capacity for heat of the material {i.e. the heat required to 
raise its temperature by unity), exerts an influence; thus, 
if the same current flows through equal pieces of plati- 
num and copper the heat developed in the former is about 
seven times that in the latter, since the specific resistance 
of platinum is about seven times that of copper (annealed 
in both cases), but the temperature elevation of the 
platinum is more than seven times that of the other, for 
its capacity for heat is only about three-fifths that of an 
equal volume of copper. 

Consider now a wire through which a current is flowing. The 
production of heat is accompanied by a rise in temperature until 
finally a steady condition is reached when iiie heat lost per second 
{hy radiation^ conduction, a7id convection) is exactly equal to the heat 
gained, per second. By Newton’s Law of Cooling, if T° 0. be the 
elevation of temperature of the wire above the enclosure, the heat 
lost , per ^ second .is proportional to and experiment proves it to be 
proportional also to the surface area of the wire, if; d cm. be the 
diameter of the wire its circumference is ird cm., and if I cm. be its 
length its 'Surface area is Tcfl, sq.cm. ; hence — > 

Heat lost per second lowdlT, 

,, ,, ,, =; calories, 

■where a denotes the “emissivity” of the material, and may be 
defined as the heat {in calories) radiated in one second from unit 
urea %vhen the temperature difference between the body and the 
enclosure is 1° C. 



V . IM + 

But IE, the product of the current *m tlie dreuil and 
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Again, if I be the current in amperes anil R the reHistimoo of the 
wire ill ohms, 

Heat gained per second ™ “24, /'f/f caiurio;- . 

Hence— . 

ardlT « *24/“A, 


mdlT 


where & is the speoifio resistance of the maieriai ; 


T - '09' 


£P 

a fP 


A / di 

V (»7.s 


and 

Thus — 

(1) With a givea current the elevation of t«rit|itini,ture 
does not depend on the length of the wire. 

(2) For the same current tlm elevation of tempera tiire 
is directly proportional to- the specific reKistaiiee and in- 
versely proportional to the cube of the diamefiir (hence 
the high temperature of very thin wires). 

(8) The elevation of tetoperature is proportiona! to the 
square of the current strength. 

194 . ■Wherever 'Work is done in the External Cir- 
cuit other than the Generation of Heat a Back 
E.ia;.F. is developed.— -Let M be the 1*1.. M.i''. of a 
battery, B the total resistance (external and internal), and 
I the current in the eirenit. By the action of the battery 
a quantity of electricity I is, in one soiamd, rai.sed in 
potential to the extent F?, and therefore the work givi-n 
out by the battery per second is MI ; the battery supplies 
this energy per second at the expense of the chemical 
energy, of the materials consumed in it. 

Now the energy appearing per Becoa<l as lieat in the 
circuit is PB, and if w represents the energy p<,T second 
devoted to other work (say chemical.or mechanical) we 
evidently have 

El = I“B -b to, 
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fell© resistance of tlie circuit, is, by Olim’s Law, tli© effec-^ 
tim in tb© circuit ; denoting this by JS ' — 

E = E'+^, 

i.e. E' = E - ^ = - e. 

Thus in cases where there is work other than the genera- 
tion of heat, the effective or resultant B.M.P. (E') is less 
than the actual E.M.P. (E) by an amount e, where 
e = w/J ; in other words, there is a hack e, and 

the actual current is given by the expression 

j E — e 

If w is zero, then E = IE, i.e, I = E/B. 

Again, since e = w/I, w => el ; hence we have the 
result that the power expended in additional work (i.e. 
oilier Jhan the generation of heat, e.g. chemical decompo- 
sitioi^ is given hy the product of the hack E,M,F. and the 
current strength. 

Example. A copper sulphate vat has a resistance of ‘Oil ohm 
and a polarisation E,M.F, of *3 volt. The total current required is 
1,000 amperes, Find the total watts supplied to the vat. 

Watts spent in heat in the vat = /V = (1000^ x *014) 
Watts expended in chemical work = el = (*3 x 1000) 

Total watts supplied to the vat = (1000^ x *014) + ( *3 x 1000) 

= 14300 watts. 

In dealing with the conservation of energy in a circuit 
there are thus three essential points to take into account. 
These 'are — (1) the work done in the battery, (2) the 
work done (if any) in the external circuit, and (3) the 
energy of the current. Of these the first— the chemical 
work done in the battery — is the source of energy in the 
circuit and gives rise to the other two, which are, there- 
fore, together equivalent to it. The chemical work done 
in the battery per second is really the mechanical equiva- 
lent of the heat which would be generated by the total 
chemical action going on in the battery in that time, and 
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This expresses the two values of I correspoHcJing to any 

one- value oiw. 

(2) There is a maximum rate of addiiional %€ork mid 
this is equal to one quarter The rate at whvdi enerqij would 
he given out if no additional work were ^dom. 

The expression for I may be put in ihe form 


is; equal, to JI; of this a. portion el is spent per second 
in additional work, while the remainder Ml — el = 
KfE — e) = I. JiS = PB is spent in maiutJiinmg the 
current t in the circuit, and appears as lieat per second 
in the circuit. Thus all ihe energy of ihe current is dig- 
gipated as heat in the circuit, thougli all ike work done 
in the battery may not be, spent in produciiig current. 
Clearly if, . say , the chemical work to lie done in a volta- 
meter is. equal to or greater than that which eaii be done 
in the battery, 'then no cu.rrent will flow. This explains 
why a single DanielFs cell cannot decompose wafer *. the 
energy necessary to decompose irater into oxygen ami 
hydrogen is greater than that supplied by the eiHUiiical 
action going on in the Daniel!, or, in ollior words, the back 
E.M.F. due to polarisation in the voitaineter is greater 
than the E.M.F. of a single Daniell 

195, Theorems,— “Some important tlieon’jiris follow 
direct from the matter of the preceding section - 

(1) For any given value of addiiional work (w j^er Beeond) 
there are hm current values. 

With the previous notation we have 
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' Now if w exceeds J — the expression nnder the root' 
sign becomes negative ; hence the greatest value which w 




can have is 

jK 


E^ . 


But — is the rate at which energy 

would be given, ont if no additional work were done, all 
the energy being dissipated as heat; which proves the 
theoreni. 

It should be noted that when w has this maximum value 
E 
W. 


I = J i.e. the current is half the current that would 


flow if no additional work were 
done. 

Note.— B y taking a numeri- 
cal example and working out the 
expression' for I with varying 
values of w the above may be 
shown graphically ; this is done 
in Fig* 358, values of w being 
taken as ordinates and values of 
I as abscissae. , 

w 

, When , w = 0, 1=0 or •— 



(= OA) ; when w = OE, I = EF or EG ; when' w = 

i^i = OG),I= i^(^GB=OI)^^OA). 


196, Battery Efficiency. — The efficiency of a battery 
is defined as the ratio of the power in the external circuit to 
the total power' developed. If the externa! circuit does not 
contain any arrangement involving additional work {e.g. a 
voltameter) the , whole of the power outside' appears as 
he.at ; hence if r be the internal and M the external resis- 

S _ Terminal P.D. 

Efficiency - ^ E.M.P. ‘ 

This is nearer unity (100 per cent.) the smaller the value 


of r. 

If the battery' 
M. AKD E.' , 


has to do useful work— say chemical de- 
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composition—tlie-efikiBncy of the mhrA tf) ihe rafdo 
of iJi-e power spent in, this me/ul work k fir fofxl powrt; 
bence if M be the total resistance aiid e f lie I »a«‘k .M , F., 


Efficiency : 


el _ Ml ^ PM if 



t.e. Efficiency = := It « 

E M 

'M 

ITeiiee — 

(1) The efficiency becomes a maximum ()>. miitv or 
100 per cent.) when the current I Iwmm.s y.ero; of cJur.se 
in this case the useful work is nil. 

becomes a mini in mu, zo.m when 

J= ji, i.e. whene is zero; the useful work is again nil 

(3) There is maximum power (w) when I z.- | ~'(Art. 

195 Theorem 2) ; as e#cm«,cytW/mn 1,2 .r .'() f cent. 
and the back E.M.F. <9 = 

19?. Calcnlatioa of E.M.P. from Tliermo-Chemical 
Data.— In a voltaic c_eU the chemical roimtions are esHen- 

tially of an exothermic nature, that, i.s, thin- are .^m.h as 'to 
produce under ordinary circumstiumes an evolution of 
energy m the form of heat. In a voltaic (.•ell this < n v 
IS not evolved as heat, but the okctricai energy e.voh 1 il 
the e_quivalent_of this heat energy. In a xmltamm,. - tl . 
chemical reactions are of an endotkermic uiliini that is 
they are usually accompanied by an ai .sorption of I, .'it 
energy, and the presence of a voltameter in a einmit thm- 
fore means the absorption of an amount of electri(;ai (>ncr.'v 
from the circuit equivalent to this heat enmvv Trim. 

these considerations the E.M.F. of a niv™ v , t!V i 

the back E.M.F. in a voltameterl: lc2S ?“th; 
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Eecessary data are known. In the following the figures 
are approximate only. 

Case I, E.M.F.^-of Simple Cell, — ^In this cell we may regard the 
action to consist in the oxidising of zinc which dissolves in sul- 
phuric acid, and at the same time hydrogen is liberated ; the atomic 
weights of zinc and oxygen may be taken as 65 and 16 respectively, 
that of hydrogen being 1. Now — 

Heat evolved by 65 grm. of zinc combining with oxygen =3 
85,400 calories. 

Heat evolved by the 81 grm. of zinc oxide combining with sul- 
phuric acid = 23, 400 calories. 

Heat absorbed when 18 grm. of water are decomposed = 69,000 
calories. 

Total heat evolved for 65 grm. of zinc dissolved 

= 85400 -f- 23400 — 69000 = 39800 calories, 

i,e. Total heat evolved for 1 grm. of zinc dissolved 
= 39800/65 = 613 calories. 

The electro-chemical equivalent of zinc is *00337 grm. per e.m. 
unit quantity ; hence the energy evolved during the consumption of 
this amount of zinc is 613 x *00337 x 4*2 x 10'' ergs. But if E 
be the E. M.F. and Q the quantity of electricity in e.m. units, the 
work is EQ ergs ; the quantity corresponding to the consumption 
of 00337 grm. of zinc is, however, 1 e.m. unit ; hence 

E = 613 X *00337 x 4*2 x 10’ e.m, units 
= *9 x 10® e.m. units 
= *9 volt. 

Case 2. E.M.F, of DanielVs CelL — In this ease — 

Heat evolved by 65 grm. of zinc combining with oxygen = 
85400 calories. 

Heat evolvedhy the 81 grm. of zinc oxide combining with sub 
phurio acid = 23400 calories. 

Heat absorbed in the separation of the equivalent 79 grm. of 
copper oxide = 19045 calories. 

Heat absorbed in the separation of the equivalent 63 grm. of 
copper from the oxide = 38260 calories. 

Total heat evolved for 1 grm. of zinc dissolved 

_ 854Q0 4* 23400 - 19045 - 38260 _ 

65 


Hence 


E = 792 X *00337 x *42 x 10® e.m. units 
= 1*12 X 10® e.m. units = 1*12 volts. 
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Case 3. The Gmeral Formnl(t*~~-~h^^% h iitti Iwmi ev*>!veci 

m the particular cell while 1 grm. of zhm in dinstilvinl, 2 fciie electro, 
chemical etiuivalent of zinc (per e.m. urjit qiiuidiivl, and J the 
meohamcal equivalent of heat in ergs ; then, frojii th»^ pretsetling, 

liJ ss hzJ e.m. units =: uilt-u 

l(F 

Case 4. Back in Ble.ctmhjm af U’ah r.-'-Wa have in 

find the of hydrogen tending in rer;(«iihni** with 

Now heat evolved when i grm. of hydrfigen wiHi oxygen 

= 3400U = A ; 2 for hydrogen = 'OOdHil ; In'oec 

e = 34000 X *000104 x 4*2 x I0‘ e.nn unitn 
ss; 1*49 X 10^ e.m. units l*4‘d vnlts. 

The precediug calculiitioiis <m the nf eollh urn 

incomplete, for they ignore the facifijut tli»* i'hM.h'. td' a 
cell depends on the tempe.nttura ; the true iunauia (ny 
vensibie cells) is 

E = hzJ + T^t^iA.vt.2m), 

where T is the absolute temperaiin'e. of the eell. 

The “ temperature coeflicient for a Danieirg cell is 

nearly zero, however j hence it is that the calcu- 

lated in Case 2 agrees closely with the aid,i.nt! value, 

108, 0 IOW I»amps. General Bemark»,--AIIietl to 
the heating effects of a current and the coBscqnwit rise in 
temperature of the conductor is the artificial prcMluctinn of 
light by electrical means. Investigation hljuwcri carbon to 
be a suitable conductor ; but carbon in air is rra<liiy burnt 
if heated to the extent necessary; hiuico in one typr* of 
commercial incandescent lamp, carbon i,a tlui ibrin of a fino 
filament is heated in a globe from, which the air has bneu 
exhausted. 

The efideney of a lamp is defined as ika mth uf the 
candle-power of the lamp to the waits almorheA The avcragii 
power consumption of most of the earixm Ijlament lampH 
in use is about 4 watts per candle, so that the olfthuicy is 

about *25 candle per watt. 
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Tlie main drawbacks to tbe carbon filament lamp are its 
large power consumption and the fact (associated with its 
negative temperature coefficient) that it is sensitive to 
changes in voltage, and many attempts have been made to 
improve upon it ; as a result the Hernst lamp appeared 
in 1897, the Osmium lamp in 1902, and the Tantalum 
lamp in 1905 as commercial articles. 

In the Nernst lamp the ‘‘ glower ” consists of a rod of 
zirconia mixed with the oxides of thorium, yttrium, and 
erbium ; it is an insulator at ordinary temperatures, but 
becomes a conductor when its temperature is raised ; hence 
the lamp is provided with a heating arrangement which is 
afterwards automatically cut out of circuit; this lamp 
‘‘works’’ in air and absorbs about 1*3 watts per candle. 
The filaments of the osmium lamp were made of metallic 
osmium and the power consumption was about 1'6 watts 
per candle. The tantalum lamp has a filament of pure 
drawn tantalum wire and its power consumption is of the 
order 1*5 to 2 watts per candle. Metallic filament lamps 
of later introduction have filaments of tungsten 
and absorb from 1*1 to 1*3 watts per candle; in 
nitrogen they absorb *5 watt per candle. 

199. The Electric Arc. General Bemarks.— If 
two carbon rods in contact end to end form part of a 
suitable continuous current circuit, and if when the 
current is flowing the carbons be drawn apart to a dis- 
tance of or I iuoh, a luminous “arc ” will be formed 
between them, the arc constituting a conducting path 
from one carbon to the other. After a time the ends of 
the carbons become luminous, and more so than the arc ; 
in fact, about 85 per cent, of the light is due to the 
positive carbon (ie. the one joined to the positive lead 
or positive of generator), 10 per cent, to the negative 
carbon, and 5 per cent, to the arc. The positive carbon 
assumes a crater-like form as indicated in Fig. 359, the 
temperature of which is from 3,500'* to 4,000* 0 , ; the 
end of the negative becomes gradually pointed, incan- 
descent matter being carried to it from the positive, and 
Its temperature is about 2,500* 0. The rate of con- 
gumption of the positive carbon is about twice that of 
the negative ; hence for the former carbons about twice as thick are 
employed. 

Experiment shows that in the case of continuous current arcs 



Fig. 359. 
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a P.D. of about 44 volts is necossary ; they will not ant at all with 
a pressure below 35 volts, aii.d a frequent ali'wvar.ne is 50 volts ftjt 
a lO-ampere arc. A considerable F.ih is found toexir-t between the 
positive carbon and a point slightly behnv tiui crater, and hi conn 
parison a small P.D, exists betw'cen ihiH |Hhrit and the; negulive 
carbon. To -account for , this it has been suggest*, :t| that the vcdati- 
lisation of the carbon in the crater results in the CHfablislHnont of a 
back pressure of 35 to 38*9 volts in a manner similar to the buidc 
pressure consequent upon the separation f?f the itiUH in cleciroIyHiH, 
the result being, of cour.se, that the applieil pressun^ has metr- 
come this, in addition to the ohmic reslatanee lot' fhi* order J to | 
ohm) of the arc ; but although itis eusNunary tospt-uk of the ** baoS 
B.M.P. of the arc,” the (|Ucstiou a.s to wiuftiicr that in the ^»fUTt‘ct 
explanation or not is still unsettled, the balance ed fipimhui being 
rather to the effect that it is not. 

The P.D. necessary to maintain an are hm been buind by ^Irs. 
Ayrton to be given by the following relation’^-- 

;Ef= |a+6/- + -:.y ^b 

where a, t, d, and e are constants, L the length of the arc in milli- 
metres, and / the current in amperes ; the valiiCB of the mitmUmU 
were found to be m folIow^s : — 

a = 38‘0, b = 2-07, d » 11*7, « Un, 

Thus the P.T). for a lO-amperearc of 5 nun. length la 

£?= {38-9 + (2-07 X 5) = srr67 vo!t«. 

From the relation given above it follows that: Cl| An hicrcaj^e 
in the current causes a decrease in tine voltage if the length of the 
arc remains the same ; (2) a decrease in the length of tiie iiro 
causes a decrease in the voltage if the current reiiiains the same. 
In consequence of the mTV hi|pi temperature- the ttatHlIe-power of 
an arc is high (of the order of 1,CKW) j arcs absorb about *8 watt 
per candle, and have -therefore an elfideney of the order I “25 tiuidlcH 
per watt,. A more 'perfect 'crater is Conm-d if a “ corcil ” mrlmn 
t.e. one fitted with. a core of -softer carkm imed m |M»4tive. 

An edternatiny current a/rc rerpiires about Id 2 pi-r camllo 
and a minimum E.M..F. of about 30 volts ; the carbuiM am\l) 
are equally consumed, equal in diameter, and k^th become pointed. 
A% enclosed arc is one formed in a comimrlmwit from which the 
air is more or less exekded j the E.M,F. isabout 80 volfs and fhe 
power consumption '-about I'5 watts per candle. In a ihmt are 
special carbons are used and the arc is formed in a magiWtic held 
which spreads it out into a fan-like shape. Mcrcurtj mpimr litmim 
are vacuum tubes with mercury kathodes, the light being due to the 
mopdescence of mercury vapour in the form of a luminfuis column 
filling the tube. (See Techmml Mkctrkky, Cliapier XV. ) 
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200. Hot-wire Ammeters and Voltmeters. — Fig. SGO- 
gives a diagrammatic view of the hot-wire ammeter made 
by Messrs. J ohnson and Phillips. The brass plate B carries 
a clamp D to which one end of the measuring wire IF of 


Fig. 360. 


platinum silver is attached. The other end of the wire is 
joined to a pillar E connected to the plate B. Hear the 
middle of W a wire P of phosphor bronze is attached, its 
other end being fixed to the insulated pillar P. Hot far 
from the centre of P a cocoon silk fibre Z is attached ; this 
passes round a metal pulley fixed on a pivoted steel spindle, 
and is finally attached to a flat steel spring S, The whole 
is thus subjected to tension, and any slackening of W is 
immediately taken up by 8, resulting in a rotation of the 
pulley, the spindle of which carries the pointer. Mounted 
on the spindle is an aluminium disc A, which, when the 
pointer is deflected, moves between the poles of the magnet 
If, thus rendering the instrument dead beat. 0 is a copper 
strip in conducting communication with the middle of W 
by means of a fine spring ; this strip is connected to one 
terminal ip the other terminal ig being joined to the brass 
plate P. The terminals are also connected by a shunt 
of Constantin. When a current flows the wire W is 
heated and expands and the sag is taken np by 8, thereby 
moving the pointer over the scale. The voltmeters are simi- 
lar, but are fitted with series resistances instead of shunts. 


134 


HBATIWa KFFBCM OF COBEBIfTS, 


Ea:€reiseg XIII, 

Sactiom B, 

(1) Two oiroiilts whose resistaiieea iii-a reM|Ktetiv€ly I ohm and 

10 ohms are arranged in parallel. Compare the anifnintot current 
passing through each of these circuits, with that through ? lu'. lull /uy. 
Compare also the amount of heat developed in the iHinie limf* in f.lio 
two circuits. dhlh) 

(2) A wire of resistance r connects A and /I, two pointM in a 

circuit, the resistance of the remainder of which in It ff. ullirmt) 
any other change being made, A and B are ah^o d fa - 1 ) 

other wires, the resistance .o.f each of wiiich is r, show f hal, tin* heat* 
produced in the 'n wires will be greater or less than llsal po^duct/il 
originally in the first wore aecordiiig as r is grr^att^r or than 

(3) The itl.M.F, of a battery is 18 volt-$ and its is 3 

The P.I). between its poles when they are Joincii by a wire J is 
15 volts, and falls to 12 volts when A m replats'd by ;ue.itli<*r w df* B. 
Compare the resistances of A and /i, and tiie.' amount:? r.f heat 
developed in them in equal times. \ B. K. ) 

(4) Heat is generated in a wire of resistance lOtihniH wJdt'h forms 
part of a circuit containing a battery and having a t«u;d r^-hintaime 
of 25 ohims.^ ^ Find the resistance of a Blnint whioh whc n nppln-d to 
the extreniitieE'i of the wire will cause the heat gmmrati'd in it |,er 
second to diminish in the ratio 4 to i, assuming that fim rv^dsnince 
of the wire does not alter sensibly with its tHnnix-ranni;. (JhK,^ 

(5) Delenuino the final temperature of a cupper wire *16^1 oul in 
diameter through which a current of 10 amperes is flowing. 8peciiic 
resistance of copper -ss; 1 *65 microhms per centimetre ouImj, emis-* 
sivity of copper s= "00025, temperature of room = 15® 0, 


Seetiom €. 

(1) If a cell has an E.M.f. of l-OS volts and 0-5 r.hra intornai 
resistance, and if the terminals are conneoti:?! ly twif ivlrf-H in 
pai-alleiof 1 ohm and 2 ohms resistance respectivtlv, what is t!i<j 
current in each, and what is the ratio of tiie heid's d.n-eloin’d in 

(iriler. 

(2) A battery of 5 cells, each of which has nii R.M.R of ;> v(,1)h 
and an internal resistance of *03 ohm, is oonneetod (a) in mv.n nnd 

(6) ID parallel, pe current passing througii a wire of resisMnco 
o 1 ohm. Calculate the heat developed in the wire in eaf'li vanr. 

(litter, ibStx) 

_ (3) A jacketed vessel contains a liquid in wliich a spiral of wire 
IS immersed. An E.M.F. of 20 volts is applied to the ends of the 
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Spiral, and a current of 2 amperes passes through it. Five grammes 
of the liquid are ■ boiled away every minute after steady boiling has 
begun. What is the latent heat of vaporisation of the liquid ? 

(Inter, B.Sc. Hons.) 

(4) The heat of combustion of hydrogen and oxygen to water is 
34,200 water gramme units for each gramme of hydrogen burnt. A 
C.G.S. unit current decomposes in one second 0’000945 gm. of 
water. The mechanical equivalent of heat being 4*2 x 10"^, find in 
volts the smallest E.M.F. which can decompose water. (B.Sc.) 

(5) A normal Dani ell’s cell has an E.M.F. of 1*07 volt a,nd resis- 
tance 2 okras. Its terminals are connected by two wires in parallel 
of 3 and 4 ohms. Assuming that the electrochemical equivalent of 
copper is *000328 gramme per coulomb, calculate the weight of the 
copper deposited in the cell, and also the heat developed (a) in the 
ceil, (b) in each of the wires, during one hour of working of the ceil, 

(B.So.) 

(6) If the chemical action going on in a battery results in the for- 

mation of 500 calories of heat for every gramme of metal dissolved, 
and if the quantity of electricity set in motion by the solution of a 
centigramme of metal is 0*5 C.G.S. unit, what is the E.M.F. of the 
battery (assumed to be calculable from the above data) 1 (B.Sc.) 

(7) The reactions within a cell generate electrical energy at the 

rate of I watt per ampere j a current of 10 amperes is being gene- 
rated, with the result that energy is dissipated within the cell in 

the iorm of heat at the rate of 1 watt. What is the difference of 

potential between the terminals of the cell ? also what is the in- 
ternal resistance of the ceil? (B.So.) 

(8) The poles of a cell whose E.M.F. is 1*2 volts and internal 

resistance 0*4 ohm are connected by a copper wire 10 metres long 
and ' 1 square mm. in eross-seetion. Determine the amount of heat 
developed per minute. , (Specific resistance of copper = 1*6 x 10“"® 
ohms per centimetre cube.) (B.Sc.) 

(9) Show that when a battery of constant electromotive force is 

employed to drive an electromagnetic engine the greatest efiicieney 
will be secured if the speed of the engine be such that the current 
is indefinitely small, but that the greatest horse- power will be 
obtained if tbe current be reduced to one-half the value it has when 
the engine is at rest. (l).Sc.) 

(10) If p grammes of zinc be consumed in a galvanic battery per 
unit time when no external work is done by the current, and if q 
grammes be consumed when w units of external work are done per 
unit time, prove that 

where A’ w the energy developed by the battery per gramme of zinc 
eonemned. (Tripos.) 



CHAPTER XIV. 



CHEMICAL EFFECTS OF GUEEENTS. 

^ 201. Faraday's laws of Fleotrolysis.— Thews simple 

laws are two in number 

(1) The amount of chemical ilecom.positum which take^ 
place in a given time in a cell or voltameter is profforiiojial 
to the total quantity of electricity which passes in that time ; 
thus if w denote the mass of the particular i<in lil>erat<Hi 
in time i seconds, and Q the quantitj of electricity wliich 
has passed — 

woe Qcc It 
or w ■= zltf 

in which J is the current and % the elactrochetHieal 6c|iiiva* 
lent (see Art. 151), 

(2) If the same ourrent flows through several elerJroMes 
the masses of the tom liberated are proporimial to tkeir 
chemical egmvahnis (Appendix, 2). Thus, if the current 
trom 20 Darnell s cells la series be passed through four 
voltameters m series containing respectivelv GuSO K f > 
Agm. and HCl it will be foLd Lt ^ie 1 gJkS™ 
of hydrogen is liberated 81*5 grammes of coprKir 7*94 
grammes of oxygea, 107-12 grammes of silver, aad 3.‘j-18 
gremmes of chloriae will be liberated ia the voltameters, 
31 5 grammes of copper will be deposited ia each coli, and 
32-45 grammes of ziac wiU be used up ia each cell of the 
battery, _ If the cells be arraaged ia two rows in parallel 
10 eeUs la series^ per row. only half the external current 
traverses each cell, and therefore the chemical action per 
ceU will be half the ehemical action in the voltamefm- 
thus,whdel^gramme of hydrogen is Uberated ia the volbl’ 
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Taking the chemical equivalent of hydrogen as 1, the electro- 
ehemica! equivalent of any ion can be obtained by multiplying the 
electroehemical equivalent of hydrogen (*0001044 grni. per e.m. 
unit quantity) by the chemical equivalent of the ion. Further, it 
must be remembered that the oheraioal equivalent of an element is 
its atomic weight divided by its valency. 

The figures given above are approximate chemical 
equivalents, taking = 1. In chemical science it is now 
usual to refer atomic weights to that of oxygen taken as 
16, in which case the atomic weight of S is 1*008 (Ap- 
pendix, 2); this leads to certain confusion, but in the 
details which follow the more recent data are employed. 

A gramim’ equivalent of a suhstance is a quantity in grammes 
equal to the chemical equivalent. Thus the atomic weight of silver 
is 107*88 and its valency is 1 ; hence the chemical equivalent is 
107*88 and the gramme-equivalent of silver is therefore 107*88 
grammes. The atomic weight of zinc is 65*37 and its valency is 2 ; 
hence the chemical equivalent is 32*68 and the gramme-equivalent 
of zinc is 32*68 grammes. Similarly a gramme-atom of an element 
is a quantity in grammes equal to its atomic weight, and a gramme- 
mohvMle of a substance is a quantity in grammes equal to its mole- 
cular weight. 

Since 1 e.m. unit quantity liberates *0001044 grm. of 
hydrogen, 1*008/'0001044, ie. 9,650 e.m. units, will liberate 
1*008 grm. ; and this same quantity will, by the second law 
above, liberate 107*88 grm. of silver, 82*68 grm. of zinc, 
and so on. M.ewe 9,650 e.m, uniis of eleotricity will liberate 
one gramme- equivalent of any substance. 

Modern theory on elect roiysis indicates that the atoms 
are themselves the carriers of the charges. Now the 
number of atoms in one gramme-equivalent of hydrogen 
is about 6*16 x 10'^®; hence the charge carried by a hydro- 
gen atom (ion) in electrolysis is 9650/6*16 X 10'^®, i.e. 
1*57 X 10”®** e.m. units. Further, since the gramme- 
equivalent of all monovalent substances contains the same 
number of atoms, this will be the charge carried by all 
monovalent ions, i.e. charge carried by a monovalent ion 
= 1*57 X 10"®^ e.m. units = 1*57 x l0'“^® coulombs 
= 4*71 X 10"^*^ e.s. units. 

Again, sin^^;e the gramme-equivalent of a divalent sub< 
stance contains half the number of atoms indicated above, 
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it follows tliat the charge carried bj a clivaleuf, ion h iiviee. 
that carried bj a luonoYateiit Ion, the cliargi* cr*irrii.»«i by a 
triTaJeiit ion is three times. the above, ami ho on. 

The charge carried by the inonoraleut iini is the miturai 
^^atoiii ’’ of electricitjabmd-y referred to (vol. i, I : i'u :>!• ; ; 
it is identical in magnitude mth the free iicrgalive cl];3,rges 
known as '‘electrons*’; as wdil be seen later, rt ?<•«•! it obser- 
vatio,ns on this electronic eluirge give rcKiilfs rongiiHc from 
4*65 X 10'”^^ to 4'77 X 10“^^ e.s. units. 



Exaxiipl©. Whit IB Faradiiy,^ Lam regardm/ fif^^frtpifpoMdwn : 
IIoio mnch mustic soda U prodimd per hous, and hum tmai 

leadj silver, tmd mermtry {from m'arnrom wmihi ht dji 

posited pe/r ampere hoitrf One coidomh ero/reM, -oifM mifli 

gramme of hydrogem, wred the atomic weights of sodium, kad ,-ilrer 
and mercury are respeetively 207 1 108* and 200, iC, t:, 

(a) .See above. 

(&) Valency o! sodium 1 A it® ohemieal equ.,i valent = 28. 

„ lead =2.-. „ „ „ = 103-5. 

„ eilver = 1 „ „ „ =. uiS. 

„ mercury {ons} = 1 r. ,, „ ,, 200, 

Now 1 coulomb liberates *0104 m.g. of H, .1, aniotire lioiu 
(3600 coulombs) liberates (*0104 x 3600) 37*44 m.g. of If, 

Hence by Law 2— 

(1) Amount of sodium liberated 

per ampere hour ^ 37*44 X 23 .881*12 

(2) Amount of lead liberated 

per. ampere .hour = 37*44 .x. 103*5 .« 3875 
{3) Amount of silver liberated 

per ampere hour = 37*44 X. 108 = 4043*52 , 

(4) Amount of mercury liberated 

, per ampere hour'= 37*44 x 200 , = 7488 - 

Caustic soda = NallO. 

Atomic weights of Na, H, and 0 are respeeiively 23, I, ?»id 16 
(say) ; hence, in 40 grm. of caustic soda there are 23 hrru. of Hodhim 
1 grm, of hydrogen, and 16 grm. of oJcygen. ’ 

^ the problem the 861-12 m.g. {-86112 grm.) of sodium will com- 

bme with water, forming caustic soda ; clearly then 

23 grm. of sodium form 40 grm. of caustic soda ; 

.-. I grm. „ forms „ „ 

and -86112 grm. „ ,, {|§ x -86112) = 1-49? grm. ol 

oaxmtie soda^-say 1*5 irrm. 



203, Electrol 3 rfcic ComdTictiott.— The m theory 
of electrolytic conduction is based upon the theory of dis- 
sociation. In an electrolyte the dissolved substance is 
supposed to be either partially or completely dissociated 
into its constituent iow-s (Art. ^3), The more dilute the 
solution the more complete is the dissociation or ionisation, 
so that in a very dilute electrolytic solution practically all 
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202, Back in Electrolysis. — When an elec- 

trolyte is decoinposed by the passage of a current, the 
separated ions possess potential energy and tend to re- 
unite, setting up a back E.M.F. (Art. 194) ; thus the back 
E.M.P. ill a water voltameter is about 1*5 volts and in a 
copper suipliate voltameter fitted with platinum electrodes 
about 1*17 volts. 

Consider, however, a copper sulphate voltameter fitted 
with copper electrodes, the latter being in such a condition 
that they are readily acted on by the sul^hion 80^) the 
chemical actions are : — 


(Kathode) CUSO 4 = Cu + SO , (1) 

(Anode) Cu + SO, = CuSO, (2) 


Equation (2) is similar to that of Art. 142. As in that 
case energy is liberated^ and further, as iu the simple cell, 
a forward EM.F. is the result. Equation (1) is the con- 
vei'se of ( 2 ) ; it represents a condition in which energy is 
absorbed, and, like the polarisation of the high-potential 
plate in the simple ceil, a bach E.M.F. is the result. These 
E.M.F.’s are equal, and cancel each other; hence when 
CO f 'per sulphate is subjected to electrolysis^ the electrodes 
being copper plates which can readily be acted on by the 
80^, there is no bach E.M.F, of any importance. The only 
E.M.F. which need be mentioned in this case is a very 
slight one, due to a diifference in concentration in the elec- 
trolyte, the copper solution becoming slightly stronger 
near the anode, and weaker near the kathode as electrolysis 
continues. ' ■ 

It was shown in Art. 194 that the power spent in chemical 
decomposition is given by the product of the back E.M.F. 
and the current strength. 
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the molecules of the dissolved sulwtauco .iisHociafo Into free 
separate ions. Each of these dissociated i..„s carcie.s it« 
own appropriate charge of electricitv, and th,.,vturo' the 
chemical and general properties of an ion difiVr .•.s^fiij,iallv 
from those of the same atom or group of atoms wiion frm 
of cliarge. ■ Urns m a dilute soliitloii of |\(n tfii* ff/q 
molecule is dissociated into K and (jJ ions ' Tim If ion 
carries a positive charge and the Cl ion a negntivo oharo,: 
and so diiler from' free K and free Cl. ‘ 

The Lehaviour and proMrties of a particular ion are 
found to, be independent of the oflier ion with wldcli it 
may be associated, so that many of the proper! ms of an 
electrolytic solution are additive properties deferniiiied hv 
the properties of the ions pre.sent. It is reiiHuuahle U> 
predict lomsatipa m electrolytes, For the hiuh Km-i-ifi',. 
inductive capacity of the solvent will result in .a niarhed 
decree in the el^tric attraction wiiieh limls fouother h, 
positive and negative ions in the molecule (Art. KOj 
The explanation of the process of eiectroh sis jind < le,.. 
trolytio conduction on this basis is a Hinipl'e one. When 
an external E.M.P. is applied so tis to give a current 

tint influenc,“ of 

the E.ME. IS merely ditoctive. It eau.ses the ts 
tively charged ions (Irations) to travel in one direct on 
through the solution and the free nc-gatively ehar-ed i< . = 

(auioQs) to trarel m the opposite direction'?^ TlKrehari/PH 

earned by the ions are delivered up at the elect rodes ami 

the ions tliemselves liberated. ” 

The exp^menial evidence on which this t.he .rv rests 

j^und^long . BMtat of ,idolj dive^;,,,, 

.bf sr-.- 1- 

This implies that in the decirolytt no^tiack 1' t’ 
oular decomposition, is set urn S this is e™;iul'h’i‘^.“ 
obtain in a solution containing free dissoaintod ions i- 

of potential set up in toe liquid ur^s to^s Uvdv 
m one direction and the negatively charKed ions in f ) , " 
direction without the development of bS ewi . 

The h^TcKM.T. due to S "T 

where the ume g^ve up their chaergee, amf m 
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The colour of electrolytic solutions is always an additive pro- 
perty. Thus, the colour of copper chloride molecules is yellow, a 
concentrated solution of the salt is green, and a dilute solution blue. 
This is explained by assuming that in the concentrated solution 
dissociation is incomplete, and the green colour results from the 
combination of yellow due to undissociated copper chloride mole- 
cules and blue due to the copper ions, while in the dilute solution 
where the dissociation is complete the colour is the blue of the 
copper ions. 

Measurements of osmotic pressure in electrolytic solutions also 
support the dissociation theory. Direct determination of osmotic 
pressure and determinations of the associated constants, the lower- 
ing of the vapour pressure, and the lowering of the freezing point 
give abnormally high results for all electrolytes. These results are 
at once explained and become normal if it is assumed that the 
number of active molecules per unit volume of the solution is given, 
not by the number of molecules of the dissolved substance, 
the number of free iom and molecules per unit volume. 

The chemical activity of electrolytes is also found to depend upon 
the dissociation of the dissolved molecules. 

In the experimental investigation of electrolysis the 
quantity which is most directly measured is the specific 
resistance ; methods of doing this are explained in Chapter 
XVI. If an electrolytic* solution contains m gramme- 
equivalents per litre and the specific resistance of the solu- 
tion be p, then 1/p is the conductivity k of the solution 
and 

Equivalent Conductivity = 

Concentration m 

This constant is an important one in electrolysis. It is 
found that for solutions of salts the equivalent conductivity 
gradually increases as the concentration decreases, and for 
very dilute solutions is practically constant. That is, for 
very dilute solutions the conductivity is proportional to 
the concentration. In the case of acids and alkalies the 
equivalent conductivity increases as the concentration de- 
creases, attains a maximum for very low concentration, and 
then rapidly decreases. For all salt solutions the value of 
K/m is practically the same ; for acids and alkalies the 
maximum value is about three times that for neutral salts. 
The value of k for a solution of KOI containing OT gramme- 
equivalent per litre is IT 19 X 10"“^ G.G-.S. units. 
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The ratio of the number of active iiifileciilos in a, dilute 
electrolvto to the number there would Im i, th. re were iu> 
dissociation can evidently be determined I'ritm lia. riifiii .,r 
the value of k/ot for the solution to its limilino \alue for 
an infinitely dilute solution. This ratio enn uJsh be de- 
tennined from the lowering of tlm freezing jioiiited' tin. 
solution. The table given below, due to Arrlionius, .shown' 
the agreement of the results otitained. The lir-i eobiiun 
gives the ratio as determined by mea.smeiueti's of 
ductivity by Kohlrauseh and (tstwahi. 'I'he >ei‘ojid ''ives 
the values as determined Ijv Kiioiilt fn.w fim lowering of 
the freezing point. The third eolnmncdyes the I'oelliei.mfH 
of ionisation, indicating fhe proportion of dissoeiiued mole- 
cules pre.sent. in the .solutions. 


NaOfI 

im 

! 

‘.SS 

HOI 

1*90 

vm 

iiy 

*92 

HN()3 

1*92 

1 -tH 

Ho8()4 

2-19 

' 2 *rifi 

•00 
'Si I 

KOI 

1*86 

1 *82 

NaCl 

1*82 

. my 

‘82 


The conductivity of electrolytes iuereases with rise of 
temperature, but the value of the coeilieient of iiiereiise di*. 
creases with rise of temperature and increase of concent ni- 
tion, varying from -035 for dilute solution.sat 0" C. to '015 
for concentrated solutions at 18° C. 

204. Ionic Velocities.— It is known that eimnges in 
concentration occur in an electrolyte during the r.rocje.ss of 
electrolysis; Hittorf has explained this in lorm.s of the 
difference between the velocities of the positive and m-ni- 
tive ions, and lias shown how the ratio of the vidouif if..s nulv 
be determined from the changes in concentra t imi 
_ Consider Fig. 361, in which the dots represent posit ive 
ions (kations) and the circles negative ions (aniou.s) ami 
imagine the velocity of the former to Im double timt of the 
latter. Charges must of course be given up to the 
electrodes at the same rate. The first two rows indicate 
the condition before the current passes ; there are er'rht 
molecules in each compartment. The second two row.s 
indicate the condition an instant later, when the current is 
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passing: at the kathode 3 ions have been deposited, the 
kathode compartinent contains 7 molecules and has there- 

I KATHODE SPACE j ANODE SPACE | 


Fig. 361. 


fore lost 1 molecule ; at the anode 3 ions have been de- 
posited, the anode compartment contains 6 molecules and 
has therefore lost 2 molecules. Still later, the third two 
rows indicate the condition : 6 ions have been deposited at 
each electrode ; the kathode compartment has 6 molecules 
and its loss is therefore 2 molecules ; the anode compart- 
ment has 4 molecules and its loss is therefore 4 molecules. 
Clearly — 

Loss in co ncentration at kathode _ 1 
TjOSs in concentration at anode 2 
— VoloQity ot anion 
Velocity of kation* 

ie ^ Ko^'thode space loss __ v 

Anode space loss u 
where v is the velocity of the negative ion and u the velocity 
of the positive ion. A chemical analysis of the solution in 
the neighbourhood of the kathode and anode after 
passage of a current will therefore give the ratio of v 
Further — 

Kathode space loss r : . 

Total loss + 'o ^ 

These fractions are known as 
tion constants ; the former, which gh 
neighbourhood of the kathode as a 
loss, is the one usually given. 

ANJD E. 



iz Wiii be^noted m the above that iifi cliemir?al miimi at th« 
electrodea is mvolved. B/iorreMporids in faet to tlw 
• f phtinnm eleetrodes ; Imm ihJu^mlZ 

Wi/ 00 the anode side m to the makenmfnm the hathude hide as ii h 
to V. CooHider, however, thedeeurnpoHitiofi c»f copper Huiplule'wifh 
copper electxodes. If an. experiment be arrar^id, tlio 
being horizontal m the, solution with the aiaale bdow ai;i Thf 
kathode above to prevent the oh-ervationg being interfered with hv 
convection currants it will be found that sol y lion |S;»Z 

hghier near the lathode and darker mar the mmfl\ In this raHe t Im 
whole remains the same, f.iie soliit ion la ntrm )fhf md 
near the anode and weakened near the kidiiocle {bv iin amount nro' 
portional to r), and copper (proportional to u -p m t/ikon from f 
anode, an equal amount being deposited on the kathode. 

iiius imagine u gramme molecules of copo«‘r nans from 
frt kathode Bide, and therefore o fcoknnue moi.iehei of Wr 
yif kathode side to the anode gido. On the anufle gifln f bo-rt 
of so,, together with the u of SO, left by the e“ ! ,er whlPf 
migrated, tak^ -p u) of copper from the am^le, fontong Oi p r) of 
Uub 04 . Ihere. IS. ^ against this increase a decreaBc u nliUisLLm 
to the copper which has migratoil ; the Holution on the mit.le g do 
.» therefore ,trm<jer by « of CuSO,. On the kath^io Hi, b the « of 
copper which has critereii arici the u of 
^ copper left behind by the SO, which haa 
I — I —H ® def’ositMl and the Holutioti 

’i:;?’ r-~p- j~ kirthode side la therefore wetnier bv 

. I T-gf- » of GiSO,. Urns, in thia caae aa in the 

I i found ax- 
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cubic : cotttimetre, let' tlie cliargeS' carried by a gramnie- 
equivaleut of tbe K and 01 ions be e and — e units, and 
let tlie Tclocities of these ions be u and v cm. per sec.' 
respectiTely. Tlie current across one square centimetre in 
the electrolyte will then consist of the transfer of neu units 
of positive electricity in one direction, and nev units of 
negative electricity in the opposite direction, that is, the 
current is measured by ne v) or 9650?i (ti -f t?), since 
e\ = 9650 e.m. units. The current is also given by 

K where k is the conductivity of the liquid and 

dVjdx the gradient of potential in the direction of the 
current. Hence 

9650« (^. + .) = K g: or « + . = ^ 

Here, if the concentration of the solution be expressed 
as m gramme-equivalents per litre, we have m -^zn x 10^ 
and the value of (u -f v) for a potential gradient of one volt 
per cm. = 10^ e.in. units of potential per cm. is given by 

(w + «) = -?i X 10^ X i X 10^ 

m 9660 

= - X 10“ X 00010362, 

m 

(u + v) = — X 1-0362 X 10’ (2) 

. , m 

Hence (u + v), the sum of the velocities of the ions, can 
be calculated from /c/m, the equivalent conductivity of the 
electrolyte, and this latter is known since m is the known 
concentration and/c = 1/p, where pis the specific resistance 
found by the methods of Art. 234. Knowing (t* + v) and 
v/u, the separate values v and u are determined. 

To be exact, the theory can only be applied to cases where all 
the molecules are dissociated. Further, these drift” velocities 
in an electric field are small, and must not be confused with the 
velocities of ions moving indiscriminately in all directions with 
which “osmotic pressure” is associated. The velocity of an ion 
under unit electric force {say one volt per centimetre) is called its 
mohUity, 
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Tlie table below gives the values r>i; it -b i\ n, liinl t) in 
10““® cm. per sec. for Ii, and 01 hi soluliuns of K^JI 
and FaCi of difFerant coucentratioiis. 


liCi KiiUI 


m 

U -f V 

« 

I •' : 

U “f w 

u 

i 

” 

0-0000 

1350 

660 

690 ' 

1 Mfj 

4m 

699 . 

•0001 

1335 

654 

681 ■■ 

1 129 


681 

•001 

1313 

643 

670 ! 

niu 

\ 9! 

670 ! 

•01 

1263 1 

619 

1 644 ■! 

1059 

115 . 

644 1 

*03 

1218 1 

597 

1 625 > 

im:i 

3! 10 f 

ty.‘j ! 

•1 

1153 ! 

564 i 

i 5B9 5 

952 

36fl 1 

.1!12 

•3 

1088 j 

531 1 

557 i 

876 

7:2 1 , 

552 

1*0 

loii i 

491 

520 

765 

! 

487 


This table indicates; (1) that the ionic velociij increases 
as the dilution increases and tends to a luaximuin 

mine at intnite dilution ; (2) that the limiting ndocity of 
the same ion (01) is the same in diiTerenf, idt.*etrolvteH, that 
is, the velocity is a specific constant of t he iori. 

The specific ionic velocities of some of the coiniiioiier 
ions are given below in lO”* cm. per sec. ; — 


H 

320 

OH 

162 

K 

66 

Cl 

m 

Na 

45 

I • 

m 

Ag 

57 

KOg 

m 


From these velocities it is evidently possible to cnieulatu the con- 
ductivity of dilute electrolytes. For example, for a Holutirai 
of AgNOg the value of (w -f v) is 121 x Ur*' <an. per fua:,, ami 
substituting this value in the relation 

.u + V ^ K/m X imm X w 

the value of /c/m can be determined. 

This exposition of ionic velocity was given bv Kohlrius/dt 
in 1879. ; Since, thatdate many direct exporlmental doter- 
minations of the velocities of ions have been made, and tlie 
results have confirmed Kohirausclds theory. 

The first determination was made by Lodge in 1K85. 1’wo vessels 
containing dilute sulphuric aoid were connected by a tulxs contein- 
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iBg a Blightly alkaline agar-agar jelly solution of sodium cklorid© 
ana a trace of phenol phfcbalein. A current was passed from one 
vessel to the other througli the tube, and as electrolysis went on 
the velocity of transfer of the H ion was indicated and measured by 
tlie rate at wlrioh the phenol phthalein indication of the formation 
of HCl travelled along the tube. 

Similar determinations of ionic velocity have more recently been 
made by W. G. D, Whetham and by Orme Masson. The methods 
adopted were slight modifications of Lodge’s original method. 
In on© experiment the rat© of displacement of the boundary 
between equivalent solutions of potassium chloride and potassium 
bichromate, as indicated by the advance of the coloured ion CraO,, 
was observed. In another a coloured kation, such as Ou from a 
solution of co})per chloride, and a coloured anion, such as Or^O, 
from a solution of potassium bichromate, were made to travel in 
opposite directions along a tube containing a jelly solution of KOI, 
and the rate of progress of each ion observed. 

205. Tlieory of tke Simple Cell (continLued). 
Cliemical and Contact Theories.— Before proceeding 
with this section the student should again read Art, 143, 
which outlines the chemical theory of the simple cell. 
It is there indicated that both the zinc and the copper 
attract the negatively charged oxygen ions within a very 
narrow (molecular) film, that e< 5 [uilibrium is quickly 
attained since the plates become negatively charged and 
soon repel the free oxygen ions electrically as strongly as 
they attract them chemically, and that both plates are thus 
reduced in potential below the outer surfaces of the films ; 
it is further indicated that, since the attraction of the zinc 
for oxygen is greater , than that of the copper, the potential 
slope e, at the zinc is greater than the slope at the copper, 
so that the potential of the zinc is below the potential of 
the copper. The E.M.F. (B) of the cell is “ Figs. 
275 (a), 275 (h) indicate the conditions referred to. 

The same idea may be conveyed as follows. When the 
zinc is placed in the acid the positive zinc ions combpe 
with the negative SO 4 ions, forming ZnS 04 and leaving 
the zinc plate negatively charged. Each negative SO 4 ion 
which combines leaves two positive hydrogen ions ; these 
are attracted to the plate, so that around the latter we 
have an electTic double IctyeTf consisting of the negative 
zine on tlie one side and the positive hydrogen on the 
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other (Mg. 363), and fonoing a iiioloeiiliir of 

which tliexiiic is the low and the ad<l thti high puteiitia! 
element Ilquilibriniia is ■■soon esfahlished Ifc^w^'cni the 
tendenej of the fAm hms to comhiiie, with the 
' zInS BO 4 ions ami. the tendency for positive ioiiH to 
~ ha driven from the acid to the negaiice xiuc 
+ Z+ plate, so that with' an infiiiifeHiiiial wmsniiip- 
+ ~ tion of rine the PJX is esfjihh'.-^iied. Biini- 

lar actions, occur at the coppiT, hut the 
dencj of copper to eomhiue with tiie acid in 
™'"h ” Cg in 

" C.rH\ less, than ^ ■ 

Fig. 363. Xf iicnv a copper wire \m at! ached, to the 
%lm it acqtdre$ (^midimflij see (Jlmp- 
tBT %Y,) the jmieritial o zinc plate, mul tla* IM). be- 
tween this copper w:ir6 and the copper plat,e of thf^ cell is 


i to the 
■e (Jhiip- 
IM). be- 
\m cell is 



therefore (on open circuit) the E,I\LF. (E) of the, celh 

m. Cjj. 

•There are, however, many experiments wiileh show that 
two metals in contact are at different polentiah, and ¥olta 
believed that the main came of tiie working of a cell was 
the contact of the metalg ; on this is basiHl ihu contact 
theory of the simple cell When zinc touclifs copper 
there appears to be a flow of electricity from t cc^pper to 
the zinc which causes the vine to be of higher laitontial. 
Experiments were designed by Yoha and otliors to test 
this, but most of these earlier experi- 
ments are capable of ..other explanations — — j 

and are inconclusive ; Ayrton and Perry’s {nJ 3 
more recent experiment, which is a modi- \J j 

fication of Kelvin’s experiment, is com- x" I ' 

paratively free from objection. / /[ K \ 

KELVIN’S EXPERIMENT (Mg. \ \ ./fvfZ / 

and 0 . are - plates of zino- and .copper placed ) I X 

horizontally on an insulating support, and Y 1 . ^ 

is an electrometer needle charged podtimly and Vvf. 304, 
suspended above the plates. When the plates 
Z and G are joined by a copper wire Y is deflectetl attmrteM 
by the copper. If the wire be removed and Z md G Inl joihpti hv 
a drop of acid the needle u not deflected* This seenaa to iniiicat© 
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tkat when MBo. and copper are' in contact there is a P.D. between 
them, the zinc being positive, bnfc that when immersed in acid they 
are at the same potential. 

AYRTON AND PERRY’S, EXPERIMENT (Fig. 365).-™In the 
figure Q rep, resents diagrammatically 
a quadrant electrometer, whose two 
airg of quadrants are connected to 
at , horizontal b.rass plates A and B, 

A, and M are two other plates parallel 
to and at the,, same distance from A and 
,i?, ,,and connected to one, another by a 
wire. It was argued that if, L and M 
be at different potentials, A and B 
will have a proportional difference of 
potential of thC' ,Bame kind. The ex- 
periment clearly showed a P.D., when 
zinc and copper were used, of about 
*75 volt, the zinc being positive. 

These results appear to indicate that zinc and copper 
have a contact P.I). approaching a volt. Modem woi*k, 
however, goes far to show that this theory must be 
abandoned: contact of dissimilar metals or other sub- 
stances does give rise to electrical separation, bnt not to 
the separation we have to deal with in a voltaic cell. For 
metals the difference of potential established by contact is 
exceedingly minute compared with the electromotive force 
of a cell, and has been held to have little or nothing to do 
with voltaic currents, in the ordinary meaning of the 
term. The most probable theory of the voltaic cell is 
the chemical theory given above, and an explanation of 
the experiments just described can be given in an exactly 
similar way. 

Consider a piece of zinc (Fig. 366) surrounded by air — 
here, just as when immersed in dilute acid, it attracts the 
neighbouring oxygen atoms, but in the liquid these atoms 
while dissociated are free to obey this attraction, whereas 
in air, where there is ^practically little dissociation^ they are 
not free to do so. 

The molecules of free oxygen are uncharged, but each 
molecule may be supposed to be resolvable into two atoms, 
one charged positively and the other negatively. Under 
the influence of the attraction of the zine the layer of 
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oxjgcm Tooleciiles o/ljaeant to it maj |jolarisoi!, 

foraiiiig im inner la.vor o£ negaliveh rharue^l afoniH hi 
contact with the zinc and an outer layer of f-nnifivelf 
charged atoms surrounding this inner la\er. i'einihlirium 
will be attained when the aitiaeiion lM‘taH*en ihe yJiu; aiel 
the adjacent layer of negatively charged, oxygen atoms 

equals the aJInielion. be- 
t^veem the iwit layers of 
2h— 4 atoms, jim'l IJm work d,one 

I ill effecting the pt ilu risa-i ih m 

iv ihe oxygen muleenles in 

/ to tim energy of the 

/, eharged eoiehnoer eonsti-. 

^ tuted be the two lavers *d 

opp.wit..,.!y Oowh. 

Atr c Zu U c Air WJi.>t her «»• iim-r layer 
Fig. .%6. of oxygon atrmiK aetuiillv 

, , . , combines with the ziimaud 

BO transfers its charge to the metal or simi.lv renntins in 
close contact with it the zinc is praeticairv negatively 
charged, and_a difference of potential is set up between it 
or the layer in contact with it, and tho ndjaecnt layer of 
positively charged atoms. The magnitude oniiis <lifT;.re,nw 
of potential will depend upon the force of attraction Ih*. 
tween the zinc and the oxygen atoms. The relation bef wwn 
these two quantities may perhap,s be expressed i)v means of 
the fonnula for the attracted disc electrometer plates j f 

V be the difference of potential set np, S the distance Ixi- 
tween the two layers of atoms, and / the force of attrac- 
, tion per unit area of the zinc on the inner oiygeii layer, 
then we have ^ » 

In the case of the copper the details would 1«.. tho Kanie 
as tor tne_ zinc, but as the chemical utlnic.flan bcCtti*f»u 
copper and oxygen Is less than lietween zinc and ..xvg,,„ 
the different of potential set up between tho two laytrs 
oi oxygen atoms would be less in the case of t!,,. <.„pp,.r 
In the case of zinc this difference is about bS volts ind 
in the case of copper about -8 volt. 

When the zme and copper are put in contact thev 
aeqmretJiesameipoienivd, hut there will now lie a .liffei? 
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ence of potential between the , outer layer of, oxygen in 
contact with the z,mc and that in contact with the copper. 
The potential of the air just above the zinc will be higher , 
than that above the copper by a quantity of the order of 
one volt ; and it is this difference which is actually measured 
hy the plates A and B (Fig. 365) in Ayrton and Perry^s 
experiment. The distribution of potential difference, de- 
scribed above, is indicated graphically in the diagram of 
Fig. 366 . In this diagram the metals are in contact, and 
the difference of potential between the films of oxygen on 
the two metals is represented by ah and is here shown to 
be about one volt. 

The contact experiments of Volta and others are thus 
merely illustrations of the action of a voltaic cell in which 
the medium which surrounds the plates is an insulator, 
and not an electrolyte, which conducts by virtue of the 
dissociation which goes on in it. 

Fig. 275 (a) for a simple cell on open circuit may now be 
extended as shown 
in Fig. 367, which 
gives the distribu- 
tion of potential 
when the plates are 
merely placed in 
the acid. The dif- 
ferences of poten- 
tial between the 
air and the metal, 
and between the 
acid .and the metal, 
are shown to be the same for each metal, because in each 
case the magnitude of the differences depends upon the 
same chemical affinity. This explains why there is no slope 
of potential in the intervening air, and accounts for the 
second part of Kelvin’s experiment above. If, however, a 
copper wire is attached to each plate of the cell, the distri- 
bution changes as shown in Fig. 868. This figure is 
really a combination of Fig. 366 and Fig. 867. 

The essential point of difference between the two theories of the 


Air 


In Actd Cu 
Fig. 367. 


Air 
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yolteic ce!l“-VoIt:a’B contact theory and the ehemicft! aef ion theorv-— 
13 the explanation of the source of the eleetroinr^tivo !*,rm of the 
cell , Ihe contact theory states that the electroinotive force re- 
sults from metallic contact between the two metallic elcroentH of 

I 



Zn Cuik'iiei Air 


M® j‘ “hcmiMl theory states that it resall* in tlie wav 

detailed above from the ohemioal action going on in the cell. Tlie 
evidence of Volta 8 experiment and others gave strong support to 
the oontaot theory, until it was shown that the result of the experi- 
ments wnld be explained by the ohemioal aotimi thwirv The 
cbemioal theory is also strongly supported by the fa«t\hat ? 
supplies a satisfactory explanation ol the source of mew in a 
working cell. On the oontact theory it wouM ho ncr.c.h'rrto 
suppose the energy to be derived from the heat of the clenionto of 
the oell, and not, as is obviously the case, from the chc micai 
reactions going on m the cell ' ^ '***^*'''^* 

In thermo-eleotrieity, considered in a later chapter, wo have a 
troe case of e eotromotive force resulting from contLt between dis^ 
similar metals, but the electromotive forces developed arc ex- 
tremely small compared with those clue to chemical action in u r-eil 

In the chemical theory above the «iy« of the J*.l). betwem tbc 

plates and the acid IS the same for 6c>tA plates, and the K.M F /"i 

is the dijferewe of these two, via. e, _ c,. Kxrji'riinmKi >,,, l,i 
single potential differences at the surfaces 'of metals and 8.ilu(i(iiis 
made by means of ‘dropping electrodes” and oapillarv electro- 
meters (Art W) seem tci indicate that the single m 
tlifierencesatthe_surfaoes of rino and copper have niV-si’c s ns 
t.6. that Uieacsid IS above the zinc in potential, hid tilt th,' f tl Z 
ts af)Ove the acid, SO tha,t thQ k th#*. < 

still uncertain which of these views represents tli tL'ith'''th..rc Is 
much in favour of the former, and there is som,. i’/ 
accuracy of single potential difference determinatiom ! v ’rV 
eleotrodes and oapillarv eleotromete™ ‘k<»ppnig 
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206» E.M.r* of ReversiMe Cells. Tlia Gibbs- 
Helittlioltss EfiiatioB.-— Colls. . are ^ frequentij .classified 
mto reversible mil non- reve.rsibla types, ■, Consider, .for 
exfunple, a Danioll’s cell balanced by an equal and opposite 
externiil If the latter be reduced by a very small 

aniouat ibe cell will drive a small current in the normal 
direction, zinc will pass into solution at the anode, and 
co[)pc.r will be depositcid at the kathode ; on reversing the 
current by increa^sing the external B.M.F. the cell may be 
brouglit I Kick to its original condition, copper being 
passed iid.o solution from the copper plate and zinc being 
deposited on the zinc plate. Such a cell ma,y be taken as 
jt reversilde cell (neglecting diffusion and the PEt heating, 
both of which are irrev 6 |*sibl 0 effects). The simple cell, as 
previously mentioned, is a non-reversible cell; hydrogen 
escapes and cannot be replaced by a reverse current. 

The second law of thermodynamics can be applied to 
reversible processes. Imagine a rever- 
sible cell (balanced by an equal and 
opposite E.M.F.) in an enclosure main- 
tained at absolute teinperature T, and 
let E be its E.M.Bl at this temperature, 

Keduce the balancing E.M.F. slightly 
so that the cell drives a charge q round 
the circuit. The line traced on the in- 
dicator diagram is 8B (Fig. 369) ; this 
is parallel to the axis of q, for the cell 
takes in heat h to keep its temperature constant and the 
E.M.F. (i?) is constant at constant temperature. 

How isolate the ceil thermally, and let it drive an in- 
finitesimal charge ; the cell draws upon its own energy, 
and we will suppose that this produces a cooling effect. 

The temperature is now T—ST, the E.M.F. is JEJ — 

the term denoting the rate of change of E.M.F. with 

temperature, and the line traced on the diagram is the 

adiabatic EQ. . ^ ^ „ 

Place the cell in an enclosure maintained at absolute 
temperature T—BT and, with a reverse E.M.F. infinite- | 


T 


n 


Fig. 3t>9. 
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simallj greater than that of the cell, let a reverse cliarire o 
be passed ; the line traced is QP. Finally, thermiilk 

late the cell and pass a charge which will bring tiie coll to 
its original temperature T ; the line traced is P,S' 

The balance of useful work done by the cell' is repre- 
sented by the area 8BQP, that is— ‘ 


Work done = SB x XT 


In the thermodynamics of reversible engines it is shown 
that the ratio of the useful work during a cycle to the h. at 
energy taken in at the higher temperahire is o.uiai to tit. 
ratio of the difterence m the two temperatures to the higher 
absolute temperature ; hence mtm-r 


q ~ ST 
^Td 

h 


BT 

■ y > 

■.qT 


dT' 


Now let /t' be the heat in energy units due to chemical 
changes in the cell when unit e.m. quantity rtasses so that 
Vq will be the heat for a transfel q. Thus t 

process SB the total heat in energy units is Idq + h am‘1 the 

work done is Pg ; hence i t « an.i me 

Xq = Jdq + k, 

J& = Ai+A, 

2 

i.e. E=zh> + TE]E. 

dT' 

wnwd equation of Eelmholtz or of 

zero F - Vi temperature coetiicient dS dT iie 

Irt’lf?" ealculatioms of 

dBfdT be positive X > /d and tluTcl'orc / 
positive ; heat must therefore be taken in to keep the trm' 
perature constant and such a cell will cool on frivio » 

« It i, wSuT' 1,;; 
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207. Solution Pressure. Electrode Potentials. 
Capillary Electrometer.— Consider a zinc plate in a 

soJuiicEi oi zinc Hulpbate. The zinc ions in solution exert 
: a pres^sure (osmotic pressure) tending to drive the ions 

upon Cie metal, l.ut the ions in the metal also exert a 
pressure (solution pressure) tending to drive zinc ions into 
solution; there will bo equilibrium when the opposino' 
influences balance each other. Thus for a metal placed m 

a solution ot the same metal there is a particular value of 
ilie osmotic pressure of the metallic ions in solution for 
which the metal will neither be -deposited from the solu- 
tion nor dissolved from the plate ; this measures what is' 
termed tlie electrolytic solution pressure of the metal 
for the Boivent. 

Consider again the zinc plate in zinc sulphate and let 
the osmotic pressure of the zinc ions in solution be less 
than tile solution pressure of the zinc. Positively charged 
Zinc ions |)ass from the plate, and an electric double layer 
IS formed, the zinc plate being negative and the solution 
positive. This will continue until the solution pressure of 
tlie metal is !>alanced by the osmotic pressure of the zinc 
ions ill solution and tlie electric double layer. If the 
osmotic pressure of metallic ions in solution be greater 
than the soltitiGn pressure metallic ions will be driven on 
the metal and the electric double layer will be of opposite 
sign, le, the plate will be positive and the solution nega- 
tive. If the osmotic pressure be equal to the solutmn 
pressure no double layer is formed and no P.D. exists 
between the metai and the solution. 

The P.D. between a metal and an electrolyte is referred 
to as an electrode poteatial and the E.M.P. of a ceil, as 
usually measured, is the algebraic sum of all the single 
electrode potentials and other P.D/s due to contact of dis- 
similar substances. To measure a single electrode po- 
tential another metallic Junction must be introduced to 
connect t!ie liquid to the measuring instrument and this 
introduces a difSculty and sources of error. One method 

. 

iinoO.jjlffiGrcwg, and as the cctpilloLTg electwMeief is con-' 
sidered to give the P.D. E^8 OJEg and the total P.D. can 
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Tomgalwe 

pole 


7^-ff remaining single potential dilTerenee 

Zn/HgSO^ IS found. Another method is to use a “dror, 

HL notte ’ d»-0PPinS into a solution IV, Jn 

Electrometer is an application of the 
effect ot electric currents on the surface tension or snrfii,.,. 
energy of the boimdary between mercury and ;iu acid 
At the contact emi E.M.P. is set up sucii that tlw mercurv 
IS positive to the acid, and the surface tension depMids 
upon this R.M.B'., becniuino a 
maximum when tlii.s lO.M J,'^ 
reduced to zero. In Pig sjq 
the vessel i? eontiiins wercurv 
aud a quantity of dilute sul- 
phiincacid; A is a tube drawn 
out to a, line point ami contain- 
ing mercury. ]J 

the high potential m„i jnci A 
to the low potential ,m>} of an 
adjustable resistance through 

thoTthf i« passing. TO 

ference vix. current x resistlnttav^ 

the meniscus wil/'risfiTJ^ 
while if the surface tension decreases it will f., n 
adjusting the resistance the applied potentiJilff ’ 

alter^ until the mercury in A^Lchests liH^fS i” 

which case the mercury in A an,] tbo ” T 

potential ; the P.D. g&y The prod 

and the current is then eoufl 7o H S n'^^stauce 

curj and the acid ^ ^ the mer- 

pszsoi s iw 

connected to the P D I'o 

—A to the low anAirto fit ® i fl’'’ '•'■'I'Hrci 

from P to Tf h ft 

«e,e^ in „a a„ ISrirlril:.' 


pol 


Tig. 370 . 



CHEMlCAIi JBJjg’FBICTS OE CUBBEHTS. 


The extent of this change of position, or the chanee of 

the surface back to Kme 

tkl StwSw to indicate the difference of poten- 
tial between the mercury m A and that in J5. 

h ig. d71 shows a form of instrument constructed to 


measure the increase of the pressure on the upper surface 
ot the mercury in the tube necessary to adjust the lower 
surface to the position indicating no difference of potential 
between the two masses of mercury. The connections are 
so arranged that the lower mass of mercuiy is at a higher 
potential than the upper. This causes the lower level of 



bubble of dilute sulphuric acid, in a ca 
mercury surfaces, if G be connected to 
to a negative, a small current flows w 
tension at B and diminishes it at *4. T] 
in the direction AB till brought to i 
mercury level produced at (7 and I), 

Heumann 

for metals i 

signs indicate that the metals 

Metal. ^ 

' Zinc 
Copper 
' ■ Silver ' 

Mercury 

In a Dan i all’s cell we have the 


gives the following for the single potential jiifferp 
solntioris of their salts; 

‘ ' are afcops the Hquiils in potentinl, 

Sviphate. mtriUe. 

- '524 - -473 

+ -S15 + -615 

+ ■97'* +1 •0,';5 

+ '980 + I'Ogg 

arrangement 
Cn/CuSOi/ZnSO</Zn/Ca, 
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and of those the oontaots CuSOi/ZnSO^ and Zn/Cu are amali and 

Assuming the above correr''’ '' 

Uu/CubsOj is 15 volt, the copper being above the 
contact ZjuSO^/Zn is *524, the ZnSO. being above 
the zinc : tlie is therftfnrA ‘Kit? vp: 0/1 


I CuSOj, and the 


the zinc ; tlie hI M,F. is therefore *515 +""*524 = 
1 *039 volts. Fig, 363 for the zinc plate in sul- 
phuric acid will also apply to the present case 
of the zinc plate in zinc sulphate ; the osmotic 
pressure of the zinc ions in solution is less than 
the solution pressure of the zinc, so that positive 
zinc ions leave the plate, and the eleotrio double 
layer has the sign indicated, i.e, the zinc is lower 
than the solution in potential. Fig. 371b would, 
according to the above, represent the case of the 
copper plate in copper sulphate: the osmotic 
pressure of the copper ions in solution is greater 
than the solution pressure of the copper, so that 
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^ ^ jr^ ^ J OK/ KfJLXCl/V 

positive copper ions are driven on the plate and the eleotrio double 
layer has the sign indicated, i.e. the copper is above the solution in 
potential. As previously indicated, however, there is still some 
doubt as to the aceiiraoy of these single P.D. determinations by 

capillary electrometers and dropping electrodes. ^ 

208. E.M.P. due to Difference in. Conceiitration in an 
Blectrolyte, Concentration Cells.— When two diflerent elec- 
trolytes or two solutions of a salt of different concentrations are in 
contact a R D. is usually produced ; this is due to the natural pro- 
cess of di'tfusion which takes place. 

According to modern theory the molecules of a substance in 
solution are more or less free of each othei*, are in continual motion, 
and, ill iiiaiiy respects, are under the same conditions as the mole- 
cules of a gas or vapour. In dilute solutions it is believed that the 
relation between pressure {osmotic), volume, and absolute tempera- 
ture is iflentaca! with the relation in the case of a gas, viz. Pv^RT, 
the value of R depending on the quantity of the substance (gas or 
soluiiun) taken. Consider, for example,' gramme-molecule. 
For tins nsa.ss of an}' gas at normal temperature and pressure the 
volume is 22,32(1 c.cm., the pressure (P) is 76 X 13*6 X 981 dynes 
per sq. 0 !!}., and the alxsoliite temperature (iT) is 273 ; substituting 
in the, above W’6 get R = 8*28 x lOh 

Xow in the case of an electrolyte the molecules are dissociated 
into ebargef] ions and the pressure is greater staking dissocia- 
tion to be cuniplete for a very dilute solution we may write 
nUT " ' 

R = - _ . , whore n is the number of ions arising from each mole- 

V 

cule. ^ . 

Om-sidcr nsAV an eh*c!.rf4yte consisting (say) of two solutions of 
sil v<,ir nitrate of diherent concentrations separated by a porous 
diiiplnagm, Dlirusbm takes place from the more to the less con- 
centrated solution, each ion carrying its charge with it, and it is 

M. AND K. „ „ S5 
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oieat that if the opposite ions travel with diflcrent velocities there 
will be a RB. established between opposite sides of the diaphragm. 

Let A denote the area of the diaphragm and consider a thickness 
dx^ the osmotic pressures at opposite faces being P and P<^dP 
respectively ; the resultant pressure is AdP, the ninntinr of ions 
within, the space .considered is MAdx, where N in the tetal number 
of io,n8 per c.em. within the space, and the force on ea<jh ion Is 

therefore da;, 

N dx 

Again, if dFbe the P.B. established as indicated above l>etween 
opposite sides of the layer the potential gradient is dVIdx, anrl if 

e be the charge on an ion the force exerted per ion is c or — tiE 

■ dx Sir 

according to the kind of ion considered ; thus we. Iiave 
Total force on kation = J; 


Total force on anion 


Let tt = velocity of the kation and v = veIot;ity the anion 

when dP/do: is unity, t.e. when the electric force ise so that 

\ '"dx J * 

the velocities under unit force will be u/e and r/e respective! v • 
hence for the velocities under the above forces %ve have ^ * 

Velocity of kation = ^ 4. 

^ eU'dz^ diJ’ 


Velocity of anion 


' e \iV dx SxJ* 


Now %vhen a steady condition is reached under the combined 
influences referred to, the opposite ions must migrate throimh tlm* 
diaphragm with equal velocities, in which case * 


[N dx dx t 




, ^ ■ V 'd'U Me 

The expression P = may be written P = where 

M is the number of grammes in a gramme-molecule, and as Mfp == 
mass in 1 c.c. = concentration ~ O, it maybe expressed P 

Further, as iV = the number of ions per o.c. and n =: the numlL 
of ions per molecule, Nfa = the number of molecules per o.c. j 
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honce ■ if ni — . actual mass of ■ a single naoleoule, 
0 . 0 . =5 0 and , 

. '' ' p ™ ■ 


mass per 


V + U mo' -510 ^.^OUO. 

This is the M.M.F, arising from difference in concentration. 

Example. Taking, for example, deoi- and centi-normal solutions 

of Sliver nitrate,, the temperature being 18^ 0., we get 

® ^ 9^ ^ ^ X logio 10 X 2-30.S 

= '0388 X 10 "^ 6 . m. units = *00333 volt. 

In dilute solutions the osmotio pressures are proportional to the 
concentrations, so that if Pj and P^ denote the osmotio pressures 
above we may write , ' ^ 


V -hu 9650 ® pg 

This may be extended to the case of a metal, say silver, in a 
solution of AgNOg ; here only the kation is to be considered, for no 
anion crosses the layer, and t; is zero ; henoe 

9650 

where P; is the osmotic pressure of the kations in the metal, i.e 
the solution pressure. Ostwald and others have constructed Von- 
ceatratiou Cells consisting of similar electrodes in two different 
concentrations of the same solution, e,g, two silver plates, one in 
the AgNOg solutions above ; in this case we have for the 
I&.M.F, of the conceiUration cell — 



Sudi ' an arrangement ' is . termed a secondary cell, 
storage cell, or accnmnlator; tlie miode is called ilie 
positive plate and the hathode tlie negative plate td' the 
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. RT 
' §650 
. MT 


“T 


V + U 


z'og. 


■•<) 


10g,Ll:^Al 

9650 u -f V ® P 2 ^^eO u •+■ v 


■”=-i 


Example* ^ Taking the concentration eeii re,ferred to, \'iz. two 
8il¥e.r plates in the previous solutions of silver nitrate at C., 

^ ^ if " i-’g- '0 2-s.« 

= *604 X 10“^ e.m. units = •0604 volt. 

Nernst measured, the S.M.F, experimentally and ■ obtained the 
result '055 volt. 

209. Secondary Cells or Jtccnmnlators. — The follow- 
ing experiment will illustrate the principle of the second arj 
cell 

Exp, In Fig. 372 A and K are two lead plates imnierHod in 
dilute sulphuric acid, F is a voltmeter, and a battery is eonneeted 

as shown. A current is passed 
through the voltameter in the 
direction A to K by etoBing 
the key on the left. The result 
is that hydrogen appears at 
the kathode A" and oxygen at 
the anode J, The oxygen at 
A combines with t.iie' surface 
lead forming the dark bmwu,:i 
peroxide of "lead (.PbOg); the 


Fig. 372. 


hydrogen at A mostly rises to the surface, so that this plate re- 
mains in the metallic state. When this charging” process, as it 
is termed, has continued for some time the battery is dlscmineeted 
and the key on the right closed. The voltameter will give a tmrrcnt 
through the outside circuit in the direction A to A", the voltmeter 
will indicate about 2 volts at first, but will gradually drop, the 
current falling off : the peroxide will be found to have di^ap|,tt*arcd 
from A, and plates will have lead sulphate (PbS 04 ) funned on 
them with traces of the monoxide (PbO). The char^ini^ process 
may now be repeated ; the oxygen at A. will convert the PbS« (an<| 
any PbO) into PbOg, and the hydrogen at K will reduce the pnj- 
ducts there to the metallic state, so that the eleetrocles will a*ciln 
be in their “formed” condition, viz. Pb at K, PbO.> at j. 
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cell. It slioiild be partic-iilarly observed, however, that 
there is no accuirmlation or storing. of electricity; fiinda-' 
iiioiitally, it is again the ■ transformation of electrical 
energy into the potential energy- of separated ions,, ie. 
into chemical potential energy”; and when the cell 
gives a ciirrtnit the energy transformation is merely re- 
versed. 

In the preceding it was mentioned that on the first 

charge ” the plate K remained more or less in its initial 
condition, and as such it does not readily combine with the 
Buipbion BO4 to form FbS04 at discharge. This defect is 
eliminated ]>v adopting the ** alternate” charge process 
iiiirod nccd i>y Flwntk The current is first passed through 
the electrolyte in the dii*ection A to K, with the result that 
A is peroxidised; it is then reversed, in which step the 
oxygen at K forms PbO^ there, while the hydrogen at A 
reduces the existing Pb02 to porous spongy lead. This 
operation is several times repeated, with the final result 
that the last anode has a thick coating of dark brown lead 
peroxide, while the last kathode is coated mainly with 
metallic lead of a greyish colour in a porous spongy 
condition, which is readily acted on by the SO4 during 
discharge. 

To ol}viate the tedious formation of the Plante plates 
Fmre coated the plates, prior to charging, with a paste of 
red lead (Pbs04) and sulphuric acid, the adherence of the 
paste to the plates being assisted by a covering of paper ; 
on charging the red lead on the kathode becomes quickly 
reduced to spongy metal, while that on the anode becomes 
peroxidised. Lker the Bellon-Yolchmar plates were intro- 
duced, which, being constructed in the form of grids, more 
effectively secured the paste.' Thus accumulators follow 
in general two specific types~-(l) the Plante or naturally 
** formed” cell, and (2) the Faure or pasted grid cell; 
frequently they are of a composite character, having Plante 
positives and pasted negatives, since pasted positives, par- 
ticularly in central station batteries, are liable to disin- 
tegration (falling of paste). 

The chemical changes which occur during the dis- 
charge and charge of an accumulator may be briefly 



164 OHEMrOA,!, EFFECTS OF CPBEENTS. 


summarised as follows. Consider a charged storage cell 
of the Plante type; the positive plate is coated, as we 
have seen, with PbOg, while the negative plate is coated 
with spongy metallic lead. 

- (1) Chemical Changes during “ Disnhinje ." — Jn dis. 
charging hydrogen will appear at the po.sitive jhite and 
oxygen at the negative plate. The hydrogen at the posi- 
tive combines with the peroxide there with the followin'-’ 
results — “ 

PbO, + Hj = PbO -f li/) (]) 

PbO + = I>bS04 + W-O (2) 

The oxygen at the negative acts on the lead acuonlin" to 
the equations ® ' 

Pb + 0 = PbO (S) 

PbO - 4 - H.JSO 4 “ I*bSO.j - 1 - 11,0 (.),) 

( 2 ) Chemical Changes durir^ ** ChaTtje, chargin'** 

oxygen is liberated at the positive plate and bydroj-n at 
the negative plate. The oxygen at the pusitive combines 
with any oxides there, producing higher oxides, and par- 
tioularly PbO^; thus * 

PbO -f 0 = PbO .2 

while the PbS 04 is converted into PbO^ accordin'** to the 
equation ” 

PbS 04 4 - 0 + H 3 O = PbOj 4 - H^SO. ( 6 ) 

The hydrogen at the negative combines with the producis 
there, reducing them to the metallic state, thus— 

PbS 04 4- Ha = Pb 4 - n.,f ?04 m 

PbO 4 - Hj = Pb 4 - H^O (Bj 

It -will be observed that the actions represented bv equa 
tions (6) and (7) increase the density of the electroIvtV 
while those represented by (2) and (4) weaken it ' In 

modern accumulators the specific gravitv of the acid ;« , 

good test of the condition of the cells : when fullv chfimed 
the specific gravity rangesirom 1*205 to 1*215, and when 
discharged from 1’17 to 1*19» 



CHEMICAl/ BOTBCTS OB' CUBKllNTS. 


la the pasted type a preliminary chemical action takes 

as follows— 


+ 211.3804 = i»lb02 + 2 mS 0 ^ + 2 H 20 ...( 9 ) 

, so that to ciiargiiig plates; contain, the peroxide 
■(PbOt 2 )' and the sulphate (PbSO^). On charging, the 
action at the positiye plate will be as indicated bj (6) 
akwe., whilst the action at the negative plate will be 

(7) above, and 

PbOg + 2 H 2 = Ph + SHgO... (10) 

so that, as before, the positive is coated with PbOg and 
.the negative with spongy metallic lead. The discharge ' 
equations are those already given. 

Preqnentij the preliminary treatment consists in coat- 
ing the positive plate with the red lead and sulphuric acid 
paste, and the negative plate with a paste made of the 
monoxide PbO (litharge), in which case the preliminary 
action at the latter plate is 

PbO + H2SO4 = PhS04 + HgO ( 11 ) 

The eMciency of .an aconmniator is given by the expression 

Effioienev — W^tt-h oura given out at discharge 
, Watt-hours put in at charge * ’ 

and in a general way is of the order 65 to 75 per cent. 

The capacity of an accumulator is measured in ampere-hours ; 
thus if a cell has a capacity of 605 ampere-hours and the maximum 
discharge current, as stated by 
the makers, is 55 amperes, it 
will be able to give this current 
for 1 1 hours. In a general way 
the ampere-hours given out 
vary from 85 to 90 per cent, of 
the ampere-hours put in. 

The B1.M.F. of a fully charg- 
ed accumulator is about 2*1 
volts, and as the internal resis- 
tance is very small a large cur- 
rent can be obtained from it. 


B 


^ H 

Fig. 37s: 

Arteen plate cell, 
consisting of six positives and seven negatives. In practice the 
plates are very near each other, internal contact being prevented 
by glass tube separators or thin sheets of wood. 


Fig. 373 depicts the arrange- 
ment in a th* 
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In most oases an acoumnlator should bo ret^^ardod m 
charged” when its E.M.F, has' failen to abfnit I *80 volts and, 
the specific gravity to about 1 * 18 ; if worked I'icbfW tins an ini 
soluble lead sulphate is formed which ruins the eeli. Idnlffor 
an accumulator should ■ never ' be short-eirctated, for an <o:^esh\-e 
discharge current will flow, resulting in sulfhiating, diHiatuvraf.i.ni 
of active material, and buckling of the phUes. 

The Terj imnj practical applications of ao.euuHilatn.rs 
cannot be referred to here; briefij their advajiia'^oss and 
disadyantages as compared with primary colls 

(a) Advantages,— (1) They 'haye a high ami 

low resistance, and can thei*efore supply largo carreuis; 
(2) when “run down” they can bo recharged; ;lj thov 
can be used for lighting, traction, etc., whore pninarv colls 
are useless. 

(b) Bisadvantages,—(l) Their initial cost is high 

(2) they rc ‘quire 
careful aftonU<ui 
to tlieiii 

in good coiiilitioii ; 
'(S) their efilcienej 
is only low ; (4) 
their yveight ren- 
ders tliem not very 
portable for !ai)o- 
rato,ryq piirposea ; 
(5) unless care be 
mmyimd they jire 
subject to Kiilpli- 
ating, disiipegra- 
tion,, buckling,, •..iud 
short-ein!uitiuio 

a portion of a typical (negative) grid fur a moVl.Infac* 
cumniator. ■ . . 

In the Edison Mnimidator tlie plaffis are fitwl -.rids 
(nickel-plated) . the positive grids carrying altui^ ate 
layers ot metaUio nickel and nickel In-dmte and tin- 
tive grids oxide of iron; the electrolyte is a soliitimwf 
potassium hydrate; the E.M.I’. is abodt volts 
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Exercises XI¥. ' ■ 

'' Section A, 

(1) Devtilop expressions for v/u and (^; + w), where v and ware 
tlui veiocjilieH of the anioi^ and kations' respectively in an electro- 
lytic Sollltiilil. 

(2) Write a, short essay on the chemical and contact theories of 

the sire pie cell. 

(ii) Develop the Gibbs -Helmholtz equation for the E.M.F. of a 
reversible ceil. 

(4) Descri be the construction and action of the capillary electro- 
meter. 

(5) Develop expressions for the E.M.F. due to difference in con- 
centration in an electrolyte and for the E.M.F. of a concentration 
cell. 

Section B. 

(1) Ex])hun the term ‘‘electrochemical equivalent.” If 3 am- 

peres depo.sifc 4 grammes of silver in 20 minutes, what is the 
electrochemical equivalent of silver ? (B.E.) 

( 2 ) If 10,000 kilocoulombs are passed through cells arranged in 

series containing solutions of Cu 2 Ci 2 > HgglNOglg, CuSO^, H 2 SO 4 , 
and NaCl, how much copper, mercury, hydrogen, and caustic 
soda can be obtained? (City and Guilds of London.) 

(3) Give an account of the chemical changes which occur in a 

storage cell during charge ahd discharge. (B.B.) 


Section €J. 

(1) Give the elementary theory of the capillary electrometer and 

describe its apx>ii cation to the measurement of the potential 
difference between a solution aihd mercury.’ (B.E. Hons.) 

(2) Give a ishort account of the ionic theory of electric conduction 
in electrolytes, and show why a difference in potential should in 
general be expected when diffusion of a salt takes place. 

(B.E, Hons.) 

(3) Find an expression for the E.M.F. due to difference in con- 
centration in an electrolyte. (B.E. Hons.) 

(4) A tangent galvanometer has a current passed through it 
which deflects it 45® The same current passes through a copper 
voltameter, where it deposits 0*3 gramme of copper in 30 minutes. 
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If the electrochemical equivalent of copper m Ci*0CX);i:i gramme/am. 
pere-second, find the value of the current, and show how to d^er* 
mine the current for any other reading of the galvanometer, 

(Inter, 

(5) How do you auwunt for the foot that an K.M.F. of about 
14 volts IS needed to electrolyse water at an appreciable rate ? An 
aooumulator ^ volts It.M.l. maintains a current in a circuit of 
total resistance 2 ohms. An electrolytic ceil with hank E.Mf. 
1 o volts w then inprted, the resistance being adjusted mmn to 
- ohms. Compare the currents and tlie rate of working in the two 

(Inter. B.So.) 

u electricity driven by an elootromotivo force of 

;? o i ^ voltameter in which there is a resistance 

of 2 ohms and a Iwk electromotive force of- 1-5 volts, Calonlate 
the hydrogen, and the number of ealorie.s developed in 

he neilfr^Mc resistance of other pirts to 

^ electrochemical eriuivalent of hydrogen is 
0(^10284 gramme pw coulomb, and the meehanicarcquivalent 
of one caloiie is 4*,, 000, 000 cm.'gm.’ see.-*.] (Inter. B.So. Hons.) 

"leaning of the expression “ v and « the mobiii- 
ties of the ions m electrolysis. 

Show that if in the electrolysis of a solution 10 '36 XlO-‘gramme- 
fra^siSndf an®arapere 

u + ® = 10-36 X 10 -«I:/ -AT, 

when Ic is the conductivity of the electrolyte and N the number of 
dissolved salt per cubic centimetre of the 

fB.So,) 

- 1 ^ “"dB,of5 and 10 ohms respectively 
? n »“d a tettei-yof electromotive force 8 

Jhlt resistance is used to send a current through 

them. Find the currents in the two liquids, being given that i he 
electromotive force of polarisation is 0-1 volt in A*ald 1-8 wits in 

(B..S 0 .) 

velocity of electrolytic ions in an ck-ctrie field 
can be calculated from measurement of the specific resistance and of 
the transport ratio. DMonbe, mentioning necesaai-y precautions 
expenmenta by which this velocity ia direetly measured. (b!so ) 

(10) Find a relation between the rate of change with temperature 
of the reversible cell and the other constants 

(B.So, Hoas.) 
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210 . SeebeclE Effect. Tbermo-Eiectric Currents. — 
Pig. 37f> represents pieces of copper and iron wire Joined 
together at their ends A and JB, and < 3 ^ is a low resistance 
mirror galvanometer included in the circuit. If both 
junctions be initially at O^C., and the junction B be then 
gradually heated, a current will how in the circuit in the 
direction indicated, viz, copper to iron through the hot 
junction, and iron to copper 
thr'ough the cold junction. This 
current will increase in strength 
until the hot junction is at a tem-^ 
perature of about 270® 0, (diffe- 
rent for different specimens .of seebeck 

iron and copper), at which stage Pig, 375 . 

the maximum current will be flow- 
ing. If heating be continued the current will decrease in 
strength, and will be zero when the hot junction is at 
540® C. On heating still further the junction JB, the 
current will increase again, but it will he reversed in direc- 
tion, i.e. it will flow from iron to copper through the 
junction B, and from copper to iron through the junction 
A, Currents produced in this way by heating junctions 
of different metals are known as thermo-electric currents, 
and were discovered by Seebeck in 1821. The pheno- 
menon of inversion of the E.M.P. was discovei'ed later by 
Gumming. 

If both junctions of the copper-iron couple be initially 
at 10® C. (say) instead of at 0° C., there will again be maxi- 
mum current when the hot junction is at 270® 0., but 
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there will be zero cun-ent and rever.sa! in tliia ease wiien 
the hot junction is at 530° C. The tem^, endure of the hot 
Jtmchon at which maximum current /lows is a constant for a 
givm couple, and is Icnown as the neutral icM,mrature for 
that couple. The temperature of tlie liot j unction at which 
there is zero current and reTersal ia a variable one 
always as much above the neutral temiicrafure as the cold 
junction IS below it; thus, if the cold j unction he at 7'° G 
and the neutral temperature be (9° 0.,' tlicro will bo inver- 
smof^ current when the hot junction is at a fenporafure 

Let the two junctwns of a eoupl, he at T°6'. iuiUM,, 
and then let he raised in temperature by a ■very 

small amount dl ; tf dE he the correspondinij small M.U.F. 

generated, the ratio is known as the Thermo-Electric 

Fo'ioer of the two meMh at the ieniperaiure T Ff 
junction of a couple be at TfQ, and the other at r ' {' 

Wm' f (ihove mid the UhTr 

heloio the neutral tempemture B, the total i*] JF h 

bj the product of the thermo-electric power at Vhe mmn 

' * J. yi , be below and T, above the neutral torn 

peratoe &, the actual E.M.F. in the circuit is found 

Total = (E.M.]e\ with Junctions at and B) 

rni, jmetions at B and HI), 

These points will be more clearly grasped after further 
reading of the present chapter. 

are chosen simpiv because 

couple they form is a convenient one for exnerinimff*! f ^ 
but any other pair of metals will iodififf purpoes, 
numerics being of course different If mtZ resultH, the 

these E.M.F.fe\re very 

junctions at 0° 0. and iVo. the E.M.1’1 is oairabou^Snf v.It!'* 


211. Experimental laws,— There are f,... • , 

laws established by experiment. The law nf ^ ® 

temperatures states that, for a uiven counle 
tnnti™ forn.. f.... ““ electro- 
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sum of tlie electromotive forces for' any number , of succes- 
sive steps into wbich the. given range of temperature may 
be divided. That is, 




1 *3 


-S'; 


where . are successive temperatures intermediate 

between and tn. 

The law of Buccessive contacts states that if, at a given 
temperature, a number of metals are in successive contact 
so as to i'enn a ciiain of elements connected in series, the 
electromotive force between the extreme elements, if placed 
in direct contact, is the sum of the electromotive forces 
between successive adjacent elements. That is, for metals 
J , i?, 0, D . . . . JV* in successive contact 

K = K + K + K + ----K 

provided ail the jmictiom in the series are at the same 
temperature. This law evidently states that for given fixed 

junction temperatures, if Bl, J7b, Bq^ etc., denote the 
electromotive forces for circuits with the metals A and 
B and 0, 0 and D, etc., then the electromotive force for 
metiil A and if is givefi by 

■ Bl=.Bl+Bl+El^....Bl. 

From this second law it follows that the junction of two 
metals may be soldered or a galvanometer may be inserted 
as in Fig. 875 without interfering with the result. 

Examples. (1) The thermO’eUctric powers of iron and nichd 
loUh respect to lead are + 12 and - 20 microvolta respectively at 
50® (7. Find the F,M,F, of an iron-nickel couple with junctions at 
ifCKandim^O. (B.E.) 

A metal A is said to be positive to another metal B if the 
thermo-ourrent flows from A to B through the cold junction. In 
the example the thermo-electric power for iron and nickel at 50° 0. 
is 32 microvolts, and the E.M.F. with junctions at 0® 0. and 100° 0. 
38 32 X 100 = 3200 microvolts (Art. 210). 

(2) The thermo-electric powers of iron and copper with respect to 
lead are 4- 10-5 and -f 3*5 microvolts respectively at 100^ G. Find 
the KM.F, of a copper-iron couple with junctions at Mf G. and 150° <7. 
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PELTIER 

370 . 


mmmm . 

3W 


; ™oCsth“ 

and 150“ 0. is 7 x (150 - 50) = 700 nderovolt 50° 0. 

212. Peltier Effect. — Fii? 37fi -ir^:„ i • ^ 
won couple, but with a battery incCLi ' -^'*^!! 
&p«™t ,ho.. ftat with eui™t Jiin.' in « 
bon md„.w he;^ i. .t fc jnnSbi'fc 

- COPPER — ► _ generated at the iimfi,:,... 

that that particular juae- 

tion IS cooled wliiidi Must 
be heated m order U) give 
a thermci-curront in the 

tery current; thus in Fie. 376 
to he heated m order to give a tliem”^* ^ 
direction of the arrows and wL!' ?i i"®'*'™"*’ 
current in this direction the^junctbn 0 if F"®® ^ 
iscoveiy was made by Peltier m isfl 7 f.f'fted. This 
the Peltier Effect Tt fniM Jt i.s known as 

when a thermo-electric current^fi this that 

Mg. 375 heat wUl be abSed t L“l\‘'‘' 

bberated at the cold junction. ' ' * puicfion and 

thlt coniSfsiiSkr TObfif 

differences. When irof tonrK„ ® ^ potential 

PD, the iron be^X^ SetTX ^ 
the current trave^XritcSfwL**” ^ 
gradient of potential so^ that It "P- 

absorbed as heat and a c^oltog « 

current traverses a junction in ka ! at A the 

gradient of potential so that It the down- 

heating effect results. ’ The enennklT^ Ff and a 

junction when the unit em: curiLfZitf/'' 

=“■ «^S'..SSSS‘3'£ SL! 
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If ,n be tlie Peltier Coefficient .at a ;|nnefcion, tlieii tile 
energy absorbed or evolved when a. current I e.m, units 
flows for t secsomls is lUf ergs; but this energy is also 
equal to Mil ergs, where E is the 'potential diflerence at 
the junction in e.m. units; thus the Peltier coefficient is 
numerically equal to the ijotential difference at the junction 
in e»m, unite. 

In practice the Peltier Effect is masked by the Joule Heating 
Effect, but the existence of the Peltier Effeot may be shown and the 
value of the coefficient determined by an experiment of the follow- 
ing type. Let (say) a copper-iron junction be immersed in water, 
and let a current I pass for t seconds in the direction iron to copper ; 
if Hi be the heat produced and / the meohanical equivalent of 
heat, . 

jffi = 

If be the beat produced when the same current passes for the 
same time in the opposite direction, 

The Peltier Effeot is a heating effect in the first case and a cooling 
effeot in the seoond case. By subtraction 

n — ^2) 

2Ii * 

213. Thomson Effect. — It has been indicated that 
when a thermo-electric current passes in a couple circuit 
heat is absorbed at the hot junction and evolved at the 
cold junction, and this seemed to indicate the source of 
enei'gy in a thermo-electric couple — ^the heat absorbed at 
the hot junction may be greater than that evolved at the 
cold junction, and the difference between the two may be 
the source of energy to which the current in the circuit is 
due*, further investigation, however, indicates that this 
statement requires some modification and extension. 

From theoretical considerations Sir William Thomson 
was led to assume that the Peltier Effect is zero when the 
thermo-electric power is zero. Now if the temperature of 
a junction is at the neutral point for the couple, then at 
that junction there is, as will be better seen later, no 
thermo-electric power and therefore there is no Peltier 
Effect. If, however, this junction is the hot junction, then 
we meet with a difficulty in explaining where the energy of 
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the current is derived from ; for if tl.o Peltier ElToet at the 
hot junction is zero no heat is absorbed there ami at ihe 
cold junction heat is given out, lietico heat most ho a!,! 
soibed m a thermo-electric circuit at other lhan -it 

to junctmns. This result was first poiuhil out i.v Sir 
Williain Ihomson.and he showed that heat must he ab- 
sorbed m om or both of the wires in virtue, of f he dirferfuce 
between the ends, or that heat mag hi, 
absoi bed m one wire and generated in the other, hut ‘that 

f absorbed in (he wui.Ie fiiviiit uiunt 
m the '^Yl.iole be greater than tha.t t/mm out. *rius iii‘lVpf ' ' 

the absorption or evolution of l.eat due to the Ih u Va 

current m an unequallj heated conductor i.^ kllolvn 

the Tlionisou Effect, and an exoLmafion siiiiilir o d' *• 
for the Peltier Meet mav be ^^iven 

In an unequallj heated conductor diflbrent. .arts an- at 

Jflerent potentials. In the case .,f copper^ thl. ! 

parts are at a higher potential than i.hccohhV mi.-n ■ hetic 

If a current passes as indicated along the coppe, wire of 
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loa c. 

IRON 

(i) 


Fig. 377 (a) heat will be absorlied in the inrr An . 
evolved m the part JO; on the whole the flf ,£ 
Effect will predominate, but if two noiots .. i ^ 

from B b. ookeW, N „ni7.'S'’ .12“' 

ture than Jf owing to the effect wo are cou.siderin^ 
the case of iron the colder parts are at the higher riotee 
tial ; hence if a current passes as indicated ..Inf, , i ^ 

™ rf Pig. 37? m b»5 ,riU bo sited 2 

and absorbed in the part BO. ^ ^ 

To summarise: heat is absorbed when -i cum..,* n 
from “cold » to “hot” iu copper, aud'Ct LS3 IZ 
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the current Hows froni hot to cold ; heat is ewhed when a 
current Hows £n>iii cold to hot in iron, and heat is 
when the current flows from hot to cold* 

The Tlionmoii EITeet in siher, ssinc, antimony, and cad-\ 
mi uni rescnnbles that in copper, and is said to b© positive 
cobalt, platinum, and nickel resemble iron, and 
the TIiomson .Effect in them is said to be negative. In 
iejid the Thomson Efibct is probably niL 
In any comliictor consider two points very close together 
at tempemiures T and T + dl\ The difference of potential 
between the two points may be expressed as adT, a.nd the 
e7ie7yij absorbed (or evolved) when a current I flows for 
a time i is U(rdl\ wliere a may be called the Thomson 
Coefficient ; from the first expression we may say that 
the Thoyn807i Coefficmit is numerically equal to the difference 
of potential per degree Centigrade, and from the second that 
it is mmierically equal to the energy absorbed or evolved per 
unit quantity per degree Centigrade. 

The coeiHcienfe <r is not a constant, but a function of the tempera- 
ture, It has been called the speciflo heat of electricity, the 
terra being derived from the following analogy. Imagine A G in 
Fig. 377 (a) to represent a copper tube heated in the same way as the 
bar, and that a liquid flows through the tube under the condition 
that it takes the temperature at each point of the tube as it flows 
along. Under this condition of flow it is evident that the liquid 
will absorb heat in flowing from ^ to and give out heat from B 
to <7, Also, if s denote the specific heat of the liquid, the heat 
absorbed or evolved by unit mass in passing from one point to 
another through a difference of temperature dTiss » dT, That is, 
the thermal effect, when a current flows along a conductor for 
which the Thomson Effect is positive, is analogous to this case of 
liquid flow along a tube, and <r the coeflioient of the Thomson 
Effect corresponds to a the specific heat of the liquid. For metals 
in which the Thomson Effect is positive <r is positive, and for 
metals with a negative Thomson Effect <r is negative. Hence, in 
the former class of metals the specific heat of electricity is said 
to be positive, and in the latter class it is said to be negative. 
That is, in the positive class electricity is supposed to behave like 
a real liquid in the absorption and evolution of heat, but in the 
negative class it behaves like a hypothetical liquid which absorbs 
heat in cooling and gives out heat in heating. 

To determine the energy absorbed by unit quantity of 
electricity in passing along a conductor from a point where 

M. AND m. ' '' 36 ' ■ 
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the temperature is Ti to one where the temperature is !Fg 
it is evident that, since <r is not a constant but varies with 
the temperature, the difference of temperature !!g — 1\ 
must be divided into inhnitelj small steps each denoted 
bj dT; then the energy gained at each step is cr . dl\ where 

cr has its proper value for each step and mlT is the 

energj? gained by unit quantity of electricity in passing 
from a point at temperature 2\ to one at lempcu’af ure 
blow consider the thermo-electric circuit slunvu In Fig. Ji75. 
The current passes from cold to hot along the oopfH*r, and 
tljerefore energy is absorbed as heat (Thomsim) ; in travers- 
ing the junction B there is a further absorpfiion of energy 
as heat (Peltier) ; in passing along the iron from hot to ct >ld 
there is again an absorption of energy as lieat (Thomson; ; 
in traversing the junction A heat is evolved Peltier), On 
# the whole more heat is absorbed than evolved and the differ- 
ence is the source of energy to which the current is due. 

214. The Ulectromotiva Torce in a Thermo-Electric 
Circuit. — By considering the energy absorbed and evolved 
in a thermo-electric circuit it is possible to find an ex- 
pression for the electromotive force in tlie circuit. Take 
the case of a circuit with junctions at temperature T and 
Tg, the latter temperature being the higher. Let 11^ and 
IIcj denote the Peltier coefficients at and and cri and 
cr the Thomson coefficients for the metals A and B of the 
circuit. Then, assuming the current to pass from J. to 
at the hot junction, the energy gained by miii quantity of 
electricity in passing round the circuit is 

Xln for the Peltier Effect at the junction at tiunpera- 
tureTg, 

— for the Peltier Effect at the junction at tempera- 
ture Ti, 

fr 

1 VacZT for the Thomson Effect in metal A , 

■ ■ ' 

— * [ * cr^dT for the Thomson Effect in metal IL 
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H6ii,ce the tot4il gain for the complete, circuit is 


rsr. 


ii,-nj+ »(cr,_o-B)ci!r, 

Jt’, : 

and since this total must be numerically equal to the total 
electromotire force in the circuit we have 


^=11,-111 + r*(<r,_crB)dr 

Jr, 


If we consider a circuit with jimctions at temperatures 
T and T 4* dT, where dT is infinitely small, the result 
is more simply expressed, for the Peltier coefficients are 
n and 11 4 <£11, where is the increment or difference 
in n corresponding to the difference in temperature dT, 
and (Tj, and <r^ are the values of these coefficients for the 
temperature T. Hence the four gains of energy given 
above are respectively II 4 dH, II, crj^dT, and — cr^dT, 
and we therefore have for the infinitely small electro- 
motive force in the circuit 

dB = dll + ^ ^ (2) 

215. Preliminary Ideas on the Thermo-Electric Bia. 
gram. — The student will more readily grasp the details of succeed- 
ing sections if one or two preliminary statements he made at this 
stage on the thermo-electric diagram *, these statements will be 
proved later. 


ABSOLUTE TEMPS.. 


Fig. 378 


In the diagram absolute temperatures are taken as abscissae and 
themio-dectric powers as ordinates, and lead is taken as the base 
line since the Thomson Fflfect in lead is nil : the thermn-elftAt-pin 
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power , lines are straight lines' and Fig. 37*S gircs the diagram for 
copper, iron, and lead. The figure is not draw'ii tf,) soah*. 

In Fig. 378 T-^A = the thermo-electrio power for leat! and copper 
at ahsolute temperature Tj and Tii) — the thermo-eleel.ric* power for 
lead and iron at the same temperature Ti ; hence A/) — tin- UH-rmo- 
electric power for copper and iron atabsoiute temperature, 7\. JSiiiii- 
larly B(J = the thermo-electric povrer for copjicr and iron at To ; at 
(270® C.) the thermo-electric power for copper ajid irrjfi is /n7. 

Consider now a copper iron couple with Junctions at 7\ (ff' CJ.) and 
T 2 (200® 0.) ; a thermo-electric current will he ilowiisg in ilm direc- 
tion copper to iron through the hot junction. On the diagram tJie 
total E.M.F. under these conditions is represented by the aim of tlie 
trapezium A BCD and as this area = PQ x 7"’77r, heirig the (her- 
mo-eleetric power at lOO” C. and being the dlfi’t.Tcnce in tempera- 
ture of the junctions, W'e have the fact previously given, viz.-- • 

The total E.M.F. ia given hy the prodw't of the the:rnio~thctric 
power at the mean temperatnre of the jnnetiom and the Hif/xnce in 
temperature of the junctiom. 

The current passes along the copper from cold to hot { 1\ to Tf 
and energy is absorbed. On the diagram this ThomBon IClTeot (energy 
absorbed per unit quantity) is represented l>y the area a A Eh. ami 
as this is given by ah x O'T = {Ob - Oa) x OT we have the rule— ■ 

The Thomson Effect in the copper i$ given by Eie prodiwt of the 
mean absolute temperature {OT) and the differmce hetwfui the 
thermo-electric poioera {copper-kad cottple) at the Umperaturea of 
the junctions {Oh - Oa = TgB - TiA). 

The current passes from copper to iron through the hot juriction 
and energy ia absorbed. On the diagram this Peltier FfT'ect (energy 
absorbed per unit quantiW) is represented by the area ancl 
as this is given by BO xbS:== MG X we have the rule— 

The Peltier Effect at the hot junction k giveu by the prodiiH of the 
thermo-electric power of copper and iron at this 'temperature and the 
absolute temperature. 

The current passes along the iron from hot to c(jld {71 7h) and 

in this case energy is again absorbed. On the diagram t his Hiumson 
Effect is represented by the area cODd, and tlie rule for its calcula- 
tion is similar to that given above for the copper. 

The current passes from iron to copper through the cold junction 
and energy is evolved. On the diagram this Peltier hhfeci is rapru- 
sented by the area aABdt md the rule for Its calculation is similar 
to that given for the hot junction. 

Clearly the total energy absorbed per unit quantity is rapresenitd by 
aABb -f hBOc -{- cGDd - aADd -■= A BGIf 
and this, as previously indicated, represents tlw E.M. F. 

od! juuotion 0° C. awl hot juiioi.i(,n 

270 O., the E.M.F. is represented by the area of tlie triauLde AO* 1) 
and IS a maximum (Art. 210). If the hot junction be the K..\L F, 


tHBBMO-EIiEOTRICITY. 


179 



IS represented by the area AO'D minus the area WF copper 
line is now above the iron line) and is therefore less (Art. 210) If 

and jS’O'if will be equal, and the 
K. M. 1? . wi U be zero ( xlrt. 210) . If the hot junction he above 540® G. 
(cold Junction still 0® C.) the resultant area will appear on the right 
of the diagram, ie. the E,M'.F, will now be reversed (Art. 210). 

In the sections which follow the facts merely stated here will be 
proved, 

216. Application, of Tliermo-Bynamics. — - If thie 
principles of tliermo-dynamics be applied to a thermo- 
electric circuit several important x*eIatioiis may be deduced. 
In such a circuit the operations are reversible if we neglect 
the Joule Heating Effect in the conductors, and when the 
electromotive force in the circuit is infinitely small the 
current is infinitely small, and therefore the Joule Heating 
Effect, being proportional to the square of the current, is 
negligible. The Peltier and Thomson Effects being directly 
proportional to the current are reversible in the thermo- 
dynamic sense. Hence, in the thermo-electric circuit 
(Art. 214), with junctions at absolute temperatures Tand 
T + dl\ since quantities of energy H + dlL, — H, 
and •— (xylT are absorbed at temperatures T -p d% T, T, 
and 1\ it follows thermo-dynamicaily that 

S --§+ = o (1) 


and substituting this value in the expression given in 
Art. 214 for dBy viz. dH = dlL + (o-^ — cr^)dT, we get 


This relation indicates the only practicable method of 
measuring H; it means that for any two substances the 
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Feltier Goefficiemt at any temperature is gwemhy i'he' product 
of the thermo-eleetric power at that tempeminre. mid the' 
absolute temperature (Art. 215). 

Prom (2) it follows tliat if for metal A the value oT o* be 
zero (lead), then 

11 €?ri ' fr\ 

= ^ (o) 

. Tins res'ult expresses tlie eoeifieieiifc of tlie I’lioiiisoii 
Effect at temperature T for the metal B in terms of the 
.Peltier Coefficient for B and a metal in wliicli theTliomsoB 
Effect is zero. 

Again, from (2)— 

_ O dn. 

■ T df 

Now U = T^E, 

dT 

and, bj differentiating, 

dll _ md^E dE 
dT IT^ ^ dT’ ■ .. 

Hence 

dE / . dE\ 

ST [^dW + it)' 

or, -a-3=-.2>g (6) 

That is, if A is a metal for which cr is zero, 

'■ = -g 

and if dE/dT be denoted bj y, 

w 

T. -..,(9) 

This indicates that the Thomson Effect in a metal with 

ends at temiieraiures T and T -h dT is given hj the product 
of the absolute temperature and the difference of the thermo- 
electric powers at the ends (Art. 216). If the ends are at 
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r, and respectively, the Thomson Effect is given by 

f 1* 

\idT, Now it is sliowE in Art. 217 that tlie cnrres ob- 
Jri . . . 

tallied bj plotting temperatures as abscissae and total 
as ordinates are parabolic, and can be repre- 
sented by an equation of the form B :=z aT + hT^ ; hence 
dE/dT = ' 1 / = a 4 * 2bl\ and we may write T = A 4* By. 
I^et = tlieriiio-electric power at and y^ = thermo- 
electric power at ; then* — 

<r,dT = ^lydij = + By)dy 



= - yd + 4J5(y/ - y,*) 

= (y» - ^i) + yd) 

= (.y> - yd ■ + By, + A + Byd 

= ,....( 10 ) 

Thus the Thomson Effect in a metal with junctions at Tj 
and is given by the product of the difference of the 
tliermo-electric powers at the ends and the mean absolute 
temperature (Art, 215). Eemember that the second metal 
for the couple is one for which <r is zero. 

217. Thermo-Electric Cttrires. — one junction of a 
couple with the metals A and B be kept at 0*^ 0. and the 
E.M,F. in the ’circuit be measured^ by methods to be 
descrilied later, when the other junction is adjusted to a 
number of known successive temperatures it will be 
possible to plot a curve showing the relation between 
the total electromotive force in the couple and the 
difference of the temperatures at the junctions. 
The form of this curve in practically ail cases is that 
shown in Fig. 379, and it is found to approximate very 
closely to a parabola with its axis parallel to the axis of 
electromotive force, , 
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The curve OAB iu tiie figure iadioutes that with one 
junction at 0° C. the electromotive force iu the circuit 
increases as the temperature of tho other junction is 

raised from 0° 0. to 200^" G., and fciieuce decreases till its 
temperature is, 400° G„ where the electromotive force is 
reversed. In no,rmal cases it goes on increasing in the 
reversed direction indefinitely, the curve beyond B beiiKr a 
geometrical continuation of the parabolic 'segment OAB. 

If, with this couple, 
the junction of con- 
stant te!:nperatu,re 
be ,maintai;iied at 
lOtt'" G. iiist«:tad of 
0°G., then the cu,r?e 
of elec5t:rc>nu>tive 
force is obtained 
from OAB si,mply 
by changing tlie 
origin 0 to O' and 
taking instead , 
o,f OB its the axis 
of temperature. 
This is eviiientlj in 
accordance wi.fcli the 
iaw of successive 
temperatures, for 


ICO n 200 ' 
Temperature 


therelatiouJ?^ = correctlj reprcseuted in 

the figure by tlie geometrical relation na = ««' + n'n, 
where na represents W = and n'a = 

So far we have considered the case of a couple mad*, 
with the metals A and B, and OAB iu Fig, 879 is the 
curve for the couple. If now. .in the same wav. we oi.tidn 
the curves for other couples made with the metals .4 and 0 
A and D, A and so on, we shall liave it set of 

curves similar to the three shown in Pig. 380. the curve 
0.1JS being for the metals A and B, OAO for the rnet-ik 

OAB is drawn with its ordmates negative to indicate that 
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for the metals A and D the direction of the current, under 
given conditions,: is opposite to that in the J, E and A, C 
circuits under the same conditions. If, for example, the 
B conductor in the A, B couple be replaced bj the D con- 
ductor the direction of the current in the circuit is 
reversed. When the current passes in the standard metal, 


Fig. 880. 

A, from cold to hot, the direction of the current is to be 
taken as positive. 

From these curves by application of the law of success- 
sive contacts the curves for a B, (7, a B, D, or a G, B 
couple may be obtained. By this law we have 
or Bl — In the figure El is represented, for the 
range of temperature represented by OT^ by Tc, for the 
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same range of temperature bj Tb^ and. therefore for this 
range b j he. That is, , the differences of the ord i nates of the 
■curves OAB and OAG giye the ordinates of the curve fortlie 
couple Ji, 0. This cixrve is shown bj the dotted line OBG 
ill the figiu’e. Similarly we 'have that is, 

Eg is represented by Td To = — (dT + Tc) =: -- dc ; 
that is, the algebraic differences of the ordinates of the 
curves OAG and GAD give the ordinates for the curve 
for the couple 0, D. This curve is shown by the clotted 
line OOD, and the dotted curve OBI) for the couple B, B 
is obtained in the same way. 

From, the symmetry of these curves it will be evident 
that the neutral point, or temperature of inaximum electro- 
motive force represented by the abscissa of the point A, in 
each curve is a constant temperature equal to the arith- 
metic mean of the temperatures of the two junctions at 
reversal. Also, the temperature of reversal, given by the 
point where the curve cuts the axis of temperature, is 
variable and evidently depends upon the temperature of 
the lower junction, which, as shown in Fig. 379, fixe^ the 
position of the origin of the axes of temperatui‘e and 
electromotive force. The reversal temperature is as much 
above the neutral point as the cold junction is below it 
(Art. 210). 

218. Tbermo-Eleetric Bower Iiines.— If for each 
of the preceding parabolic curves a differential (*u!*ve be 
drawn (by any graphic method) showing the i’elation 
.'between the thermo-eleetric power, dEldl\ and the 
temperature T for each .. couple, it will be found that 
this cmwe is practically a straight line. For example, if 
for each degree of temperature the difference of electro- 
motive force be plotted as the approximate value of dM/dT 
at the middle of the degree, it will be found that the curve 
obtained approximates very closely to a straight line. 

In Pig. 381 let OAB be the electromotive force curve for 
an Ay B couple. Then between the points a, h on the curve, 
dE is represented by cb and dT by ac, and dEjdT there- 
fore by cbjacy that is by tan where hm is the direction 
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that the ciir?e at ah makes with the axis OB. Inspection 

of tlio curve will show that the tangent of this angle is 

positive at 0 and de- , 

creases from 0 . to J., ' 

where it l>ecoiiieS' zero, 

then, changing sign, it 

again increases from A 

to B. For the curve ' 

OJ-B, therefore, A 

iao^eledric jpower Une^ ■ t 

IaMI, starts with a posi- . 

live ordinate, OL, at 0, \ 

crosses the axis of tern- \ 

perature at JV, the foot / ^ "v \ 

of the perpendicular from O V \b 

A on OB, and continues ^ 

from N onwards with 

negative ordinates. The 

point Nf where the line 

crosses the axis of tern- Fig. 881. 

perature and where the 

thermo-electric power is zero, evidently indicates the 
neutral point for the given couple. 

The electromotive force in a circuit for which the 
thermo-electric power line is known is readily found. Let 
LNM, Fig. 382, be the thermo-electric power line for a 
given couple. At any temperature represented by OA the 
thermo-electric power, that is, the value of dBjdT/is 
represented by the ordinate Aa. For a very small incre- 
ment of temperature, cZT, at this temperature the increment 
in the electromotive force of the couple is given by 
(dE/dT) .dT, the product of the rate oi change of electro- 
motive force with temperature and the change of tem- 
perature. Hence, if AB represent dT, the increment of 
electromotive force is represented by the rectangle deter- 
mined by Aa and AB, and if dT be infinitely small this 
rectangle is practically equal to the area of the strip ABha 
standing on AB. It follows from this that, if one junc- 
tion of a couple be maintained at a temperature represented 
by OP while the temperature of the other is raised to 
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one represented by OQ, the electromotive force set up in 
the couple will be represented by the area PQq^h 
If the temperatures of the junctions of t he couple he 
represented by OP and OQ', then the electromoiive force 
in the circuit IS, as before, represented by the aren, houmlud 
by ijp, Qq\ LNMi and the axis of teiapeniturt; ; Imt of 
this area, PNp to the left of N is positive and Q’Nq' to 
the light of JVis negative, therefore the electromotive force 
IS represented by the difference between the two areas 


Tig. 382 . 

_and Q'W- Hence, if these two area.s were equal, 
that IS if J\r were midway between P and Q', the electro- 
mo tive force would U zero. That is, when 4 tempiature 

hy OxVis the arithmetic 
f the junctions represented by 
OP and 00 the point of reversal is reached. When 
PNp is the greater area the electromotive force is positire 

neiMve“(it.hSV'^^^^ electromotivehorce k 

^etake^the curves 04P, OAG, and OAD in Fff 
380and draw the corresponding thermo-elccf.ric power lin^ 
we get hnes^ such as are shown in Pig. 383, AP, AO a,Ll 
AD being the thermo-electric power lines for the j:, P the 
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A, 0 and tlie A, J) couples. Tlie points Ni, where 

these lines cross the axis of temperatnre, are the neutral 
points for tliese couples. 

The cdcctroinotive force for an A, G couple for junction 
teinporatures represented by OP and OQ is represented 
by the area FQqp, and the electromotive force for the 
if, B couple for tlie same Junction temperatures is repre- 
sented Ijy FQsr^ therefore, by the law of successive ' con- 



tacts, the electromotive force in the P, 0 couple is 
represented by the area rsqp. It follows from this that 
the diferences of corresponding ordinates of the A, G line 
and the Jl, B line give the ordinates for the thermo-electric 
power line of the B, G couple (Art. 215). 

Similarly, from the dilferences of the ordinates of the 
lines AB, i.C,and AD the ordinates of the thermo-electric 
power lines for the P, D and (7, D couples may be obtained. 
From these diferences separate thermo-electric power lines 
might be plotted from the axis OT for the P, 0, the P, A 
and the 0, D couples, giving lines corresponding to the 
dotted electromotive force curves OPC, OPP, and OGD 
in Fig. 380 It would, however, only needlessly complicate 
the diagram to do this. In representing the relative 
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thermo-electric powers for a number of metals .1, Jl, 0, D, 
etc.; it is most. convenient to take one of tlie metals, say J., 
as a standard and plot the ■thermo-ekctric power lines for 
the couples A and B, A and 0, J. and D, ami so on Then^ 
for any two metals F and Q, the relative tlieriiio-^dectric 
power at any temperature may befouinl, as ex|>laiiK^tl aliove, 
from the difference of the ordinates of the A, P and tlie A, Q 
lines at that temperature, and the electromotive ffjrce fora 
P, Q couple between, any two tern peral urea iiuiy also be 
found, as already described, from these lines. It w’i'li 
also be evident that, the point of intersection of fho *4, P 
and the A, Q lines gives the neutral point of iho P, Q 
couple. 

If, tlierefore, we have a diagram with thermo-electric 
power lines for the couples B and 0 and A, D and A, 
etc., the axis of temperature may Ih 3 assuciated with tiie 
metal J:, and the lines may be called the tliermo-elcciric 
power lines for the metals P, 0, P, etc., and lor a couple 
made up of the metals Pand Q the P and Q serve to 
determine the constants of the couple. A diagram drawn 
in this way and giving the tliermo-electric powers of the 
metals P, 0, P, etc., supplies, with proper conventions as 
to sign and regard to the position of the origin, all the 
necessary thermo-electric data for a couple of any twm 
given metals included in the diagram. Such a diagram is 
called a ilermo-electne diagram, 

219. The Thermo-Blectrie Biagram. Sign Con- 
ventions.— For ^theoretical purposes it is most convenient 
to tahe the origin of the ames of ienvperature and thermo- 
electric power at the absolute zero of iemperaiure and to 
eaapress temperature on the absolute scale. The necessary 
sign conventions of the diagram are most siinplj imderstt .od 
by considering the case of a particular couplk Take the 
of a couple made with the metals A ami P, and sup- 
both junctions to be at the same tempm-ature T. If 
junctions the metal P is at a higdior potendal than 
metal A, then Pis said to bo positive to A. If this 
of potential is ^ denoted by 11, then we liave at 
each junction a seat of electromotive fonto II tendintr to 
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send a current imm.B to A, not across the junction, but 
round througb tbe circuit of the couple. ' These tT?ro electro- 
motive forces are equal and opposite in the same circuit, 
and therefore balance each other. Similarly, since the two 
ends of each element of the couple are at the same tempera, 
ture T, the algebraic sum of the electromotive forces 
associated with the Thomson Efects in the A and B con- 
ductors is xero in each conductor. Hence, when both 
junctions of this couple are at the same temperature the 
total electromotive force in the circuit is zero, although at 
each junction the potential of B is higher than that of j.. 

Let one of the junctions be now raised in temperature 
from T to T -f dT. The electromotive forces set up at 
the junctions are no longer equal, for the increment of 
temperature dT at one junction causes an increment dll 
of the electromotive force at that junction, and their 
difference is therefore dll. 

At the same time the electromotive forces associated with 
the Thomson Effect cease to balance, for there is now a 
difference of temperature dT between the ends of each con- 
ductor, and this gives a difference of potential a* .dT 
between the ends of the J. conductor tending to send a 
current through and a difference of potential cr^.dT 
between the ends of the B conductor tending to send a 
current through A. If and ctb are assumed to be 
positive these differences of potential are opposed to each 
other, and as in Art. 214 the algebraic sum of the 
electromotive forces in the circuit is given by 

dBz=dU+ (o-A - o-h) dT, 

and is seen to be made up of dll, the increment of 11 at 
the junction, and (cta — 0 * 3 ) dT, the increment due to the 
Thomson Effect in the A and B conductors. 

This electromotive force is for diagram purposes taken 
as positive or negative according as the current passes in 
the standard metal of the diagram from cold to hot or -hot 
to cold. As the current always passes (except in the case 
illustrated by Eig. 885) at the hot junction from the 
negative to the positive metals, this convention involves 
that dJS is positive when the metal coupled with the 



lyO THBBMO-BLECTSICITr. 

staadard metal is positive to the standard, and negative 
when this metal is negative to the standard. 

From what has been said we can now deduce the sign 
conventions that apply to thermo-electric power lines. 
When, at any temperature T, the increment of electroraot ive 
force dE ior a positive increment of temperature dT is 
positive, then the thermo-electric power dFjjdT is positive. 
If the line AB in Fig. 383, giving the thermo-electric power 
line for the A, B couple, be taken as the line for the metal 
B and the axis of temperature as the line for tlie metal .4 


Pig. 384. 

taken as a standard, then the diagram is evidentiv so drawn 
that at any temperature for any two metals tile thermo- 
electric power of the positive metal of the two is the greater. 
Thus in Fig. 384 the theimo-electric power liue.s BB and 
GO for the metals B and G indicate that up to tiie neutral 
point, represented by Ow, the metal C i.s positive to B, Imt 
for temperatures above the neutral point B is po.sitivo to G. 

Also, if the temperatures of the junctions of a B,6 
couple be represented by OP and OQ (Fig. 384), then 
the direction of the current at the hot junction will, in 
accordance with what has been said above, Ije from H to G. 
This may be indicated on the diagram by an arrow from 
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B to 0, and, in tlie same way, the direction of the current 
in each element of the couple and at the cold junction may 
be indicated by arrows round the area representing, 
as pre?iousIy explained, the electromotive force in the 
circuit. ' , 

In Fig. 385, if the temperatures of the junctions are re- 
presented by OP and OQ and arrows be drawn, as above, to 
indicate the direction of 
the current in the cir- 
cuit, we get the area 
sqnrpn s to represent 
the electromotive force, 
and, of this area, the 
part nqyr is positive and 
nqs negative, so that 
the electromotive force 
is represented by the 
difference of the two 
areas. It should be 
noticed in this figure 
that the arrow in sq is 
in the direction opposite . 
to that given above for the hot junction. In this case, 
where the neutral point lies between the junction tem- 
peratures, the current passes at the hot junction in a 
direction opposed to that in which the electromotive force 
at the junction tends to send it so long as the area pnr is 
greater thau nqs, that is, so long as rjp is greater than sq. 

220. The Thermo-Electrie Diagram. Representa- 
tion of the various Quantities on the Diagram. 

(1) The Thomson Goejjlicient , — -Since the thermo-electric 
power of the more positive of two metals is the greater, it 
is evident that on the diagram a path with increasing 
ordinates is also a path of increase of potential. Hence, 
in going along the B and 0 lines, Fig. 384, from cold to 
hot, the potential falls, and therefore, by Art. 213, o-, the 
coefficient of the Thomson Effect, is negative. In the case 
of the JD line, however, the potential rises from cold to hot, 
and therefore or is positive. It must be remembered, how- 
M. ANDE. 37 
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ever, that these lines are supposed to be drawn relative to 
,, metal, i. as a standard, and that, therefore, tmkm the meial 
'■■A. "is one for which or i$ zero, ail that can be deduced from 
the above argument isVthat . (cr^ — r^) and {(r^ - cr^) are 
negative and (ctd — o-^) positive. 

Prom Art. 216 we get 

a.-cr3 = -!r|,or<r,-cr.= y||. 

where y denotes dEjdT, the thermo-electric power. Now, 
taking the J.,D line (Pig. 384) for wliicli (o-j, — <t*) is 
positive, the value of y at temperature T, repre.senktd hy 
OX, is represented by Xa, and for a small inormnmit of 
temperature, dT, represented by NF, the iucromctit dy is 
represented by he. Hence dyjdT is represented bv hn'ac, 
the tangent of the angle which the A, D Him makes with 
the positive direction of the axis of temperature. 

Hence, if througli the origin 0, taken at the absolute zero 
of temperature, a line Os is drawn parallel to HZ), then 
the vedue^ of erf) at any temperature T, represented 

by OX, is given by the ordinate Xs, for 

^ = tan XOs, 

Xs = OX. tan XOs = 2* . tan anX = T 

dT 

By an evident alternative construction the line da may also 
be taken to represent <r^ — <r.. It will be seen here that 
when dyjdT is positive, that is, when the thermo-electric 
power line slopes upwards like I)D, the value of Or^ — a- A 
is positive. 

Experiment has shown that for lead the value of <r is 
zero or negligibly small, so that by taking lead as the 
standard metal A the value of may he taken as zero, 

become simply cr,,, <t„, o-,„ ete.] 
the Ihomson Coeflicients f or the metals for which'the lines 
are drawn ; ihusXs or da represents the Thomson Coeflicient 
for the metal B. It must be remembered that the ma'uii- 
tude of o- for any metal can be obtained from the dia'--nun 
m the way de.scribed, only if the origin of the axes is token 
at the absolute zero of temperature. 
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—Energy is absorbed at 
the hot junction and 
evolved at the cold junc- 
tion. The energy ab- 
sorbed at the hot junc- 
tion is, for unit quantity 
of electricity, measured 
by Ilg, the Peltier Ef- 
fect at temperature T^, 
and as, by Art. 216, 

n == . we have 


the diagram (Fig. 886), at temperature Tg, dE/dT is 
represented by sq and Tg by OQ or therefore is 
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represented hj the area os X sq, that is, hy the reciangk 
osqm. Similarly H,, the Peltier Effect at the cold junction, 

. is given by T^—~ , and is represented hy the area nr x rp 
or the rectangle nrpl. 

(4) Total E.M.F.-The total energy ab^orljed, in the 

above circuit (Fig, 386) is represented by ot^qm 4- mqpl, 
tliat is, by tbe area osqpl.md the total energy evolved is 
represented by Iprn + nrsOy that is, by tlie area 'iprscK Tlie 
energy dissipated in the circuit is eoiLseqoentlv repivsented 
by osqpl Iprsoy that is, by the area Tsqp'‘ Tim area 
therefore represents the energy spent in 'the circuit for 
each unit f|iiantity of electricity travelling rouiul it, 
therefore represents the eleetromofive ftm-e in the cirmit 
m accordance with the result given abiive. ' 

The magnitude of the eleetroniotive force in the circnit 
can also be determined from the diagntm bv lindim*' 
an expression for the measure of the an>(i pqsr Tliis 
area is measured by the product of one half th»e suni id tlie 
parallel sides and the perpendicular distance between them 
that IS, by 

PQ X I (j>r -f sq). 

If the diagram is drawn to scale this value is read! I v deter, 
mined. It is numerically the thermo-electric power at tlie 
mean temperature multiplied by the difference in teiiipera. 

It can also be reduced to a formula, for PQ represeuts 
ig - i",, and, Irom the hgure, sqfrp = NQ NP, where ON 

represents i„, the neutral point of the P, (J e<.Hn>le. That is 
sq Tn — Tci - 

=: OTsq^h {Tn- T,) and rp = k (Tn - fi\), • 

here Jc is a constant This gives for E, the electromotive 
circuit, the expression 

if 


T. 


■ Z + 
S’, + 

9 . ' 


',)( T,, 

JS IB zero when '1 2 
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is, wiien both junctions are at the same temperature, and 
also when Tn = (T^ + r2)/2, that is, at the point of reversal 
when the neutral point is the arithmetic mean of the junc- 
tion temperatures. 

Mg. 391a., page 199, gives a thermo-electric diagram for 
a number of metals. 

221. The Thermo-Electric Couple treated Analytically. 

The total E. M.F. curves being practically parabolas may, when 
the origin is at the absolute zero, be expressed by the equation 

E = aT + hT^ ( 1 ) 

where E denotes the electromotive force in a couple with one junc- 
tion at absolute zero and the other at temperature Ton the absolute 
scale, and a and h are constants depending upon the metals of the 
couple. 

^ It follows from this that the electromotive force for a couple with 
junctions at temperatures T-^ and is given by 

~ ^i) + h - Ti^) 

Further, from the equation 

E=aT-^hT^ 
we get, by differentiating, 

dE , orm 

~ a -f 26T. 

Or, representing dEjdT by y, we have 

y = 9bT + a 

This is the equation of a straight line in which 26 represents, in 
the xisual way, the tangent of the angle made by the line and the 
positive direction of the axis of temperature, and a is the intercept 
on the axis of thermo-electric power. 

Also from y = 2hT -fa 


.( 2 ) 


(3) 


we get .. 

II 

to 

yn 

and since 

<r - <r, = 

» * It 

we have 

- ®'a = 262 ’, 

or, if == 

0, we have 


Thus at any temperature 


= 26T (4) 


y-a. 
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where y is the thermo-eleetrio poorer at that temperature and a tlie 

intercept of the B line on the axis of thermo^eieotric power, 

point ^lor any two metals the thernio-eleetric 
power dEjdT is zero, and therefore from 

y = 26ir 4- a 

we get 2bTn + a = 0, 

where Tn denotes the neutral point. 

This gives /ra 


Substituting this value of a in the expression for w'e get 

= 2fi(7> - 7'.) 

This corresponds with the formula given above if k = — 2i?<. 
ffor the value of II we have, from the relation 


by substituting for dEjdT, the equation (3) 

11= <x7^ d” 2/;y’* (8J 

Also in a Muple with junctions at temperature y, and 7’, the 

rf eleotrioity is 

IIj = a7\ + 2A7’j-' at the junction, 

- n, = - (aT, + at the 'i\ junction, 


.^2’-|^’<r,ci7’=|'»K-.„,rf7- 
= - 26 TdT = 


in the two conductors. 

Hence the total energy absorbed in the circuit is civen hv th« 
sum of these quantities, and is equal to ^ ^ “** 

a(7’,-7’,) +6(7'j,»-y,») jyj 

of the electromotive force in the circuit 

(toe© (ii).) 

If the thermo-electric power at O'O. be denoted l)v«,„ thethermo- 
eleotno power at t“C. is evidently given by a„ 4 iht. The values 
of % and 26 for certain metals are given on p. 197. 'They aunlv to 
a range ot temperature extending irom - 2tJ0'^C. to lOir o' ‘ ti,„ 
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Antimony 

Bismuth 

Copper 

Cobalt' 

Iron 

Mercury 

Nickel 

Silver 

Zino 


lOiJ UNE^UAD 


TEMP. ABSOLU’ 


TEMP. ASSOLUf 


electric power lines will not be straight lines. The general 
shape of ^ the nickel line is shown in Fig. 387 and of the iron 
line at high temj)emtures in Pig. 388. Other normal metals 
may become abnormal at sufficiently high temperatures. 

223. Practical Applica- % "mZZTl 

— The Thermopile (Fig. 

389) consists of a number of P — i | | 

bismuth-antimony couples ar- 
ranged in series so as to multi- 
ply the effect. If one set of 
junctions be protected as in- 
dicated, while heat be allowed 
to fail on the other set, the 
galvanometer joined to the in- 
strument will be deflected, and 
the deflection may be used as 
a measure of the heat falling on the exposed junctions. The main 
defect of the thermopile is its large mass, resulting in a sluggish 
response to changes in temperature. 


RADIANT 

HEAT 
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Boys’lRadio-lSicsrometeris. similar to the Biiddall Tliermo- 
Q-alvanoiiieter (Art, ISO), the heater being omitted 1'hfj moving 
coil cH.uLsists of a single loop of copper suspended befewtien tlui poles 
by a <iuartx fi]>re. The two lower ends of tlie coil hang })e]nw the 
nsagnets and carry a small bismuth-antimony eouph^ attached to a 
very thin blackened copper disc; the couple is sereen«.‘d from tiie 
magnetic field [)y a jacket of soft iron. When radiation falls upon 
the couple a thermo-current flows in the coil and the latter is 
dellectcd. I’his instrument is extremely sensitive; it gives quite 
a good deflectioii with an amount of heat equal to that wlrhdi would 
fall upon a disc diameter from a candle idJOf) feet distant. 

In Calleadar’i^ Hiadio-Balance for the measurement of radiant 
heat a blackened copper disc is fixed to the junction of four iron 

and four coiistantin wires {Fig. 
.390), and another iron- conn tiin tin 
couple leads to the galvanometer 
G, Another circuit,,, as i ndi cated, 
contains a battery, an ad jus table 
resistance, ,and a milliammeter. 
When radiation falls on the disc 
a thermo-current flows and the 
galvanometer is deflected, but M 
is adjusted and such a cur'rent 
passed that the Peltier cooling 
ctfect eanoela this and the gal- 
vanometer deflection is reduced 
to zero. Knowing the current 
and the Peltier Coefficient the 
r’ate of absorption of energy hy 
the disc is known. In the actual instrument there are i.wo similar 
discs, and in later patterns the discs are replaced by small cups ; it 
is used in experiments on radio-activity. 

The Thermo-Couple Byrometer for the measuremeui of tein- 
peraturea up to about 1,200° C. consists of a platinum and platinum- 
rhodium alloy couple. The circuit includes 
a galvanometer, and the temperature of the 
*‘coid junction, the connections to the 
galvanometer, is kept constant. Tlie gal- 
vanometer is calibrated so that the deflec- 
tions give the temperatures to which the 
‘* hot” junction is subjected. Frequently 
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the couple consists of platinum and platinum 
iridium alloy, 

rieming's Thermo - HiXliammeter 
(Fig. 391) consists of a fin© wire, 06V of 
Constantin (which carries the small cinTcnb to 


bismuth-teihiriiim couple, B, soldered to GO, aTtd a gaiv 
(?. The wire OG and the couple B are in a vacuums 


391 . ' 

be measured I, a, 
■ , ^ « gJilvamuuoter, 

couple B are m a vacuum. When a 
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“ heated, the jimotion B is raised in tempera- 
Th« flojs. and the galvanometer is deflected, 

e insti ument is calibrated by passing known currents through OG. 

are not, so far, a oommeroial 
7^00 mo ooaples of iron and antimony- 

give an B/nTof 109 vTts'^' °“® junctions heated by coke 

Centigrade Temm. 


Fig. 391a. 


Exercises XIT. 


Section B. 

(1| A thermopile is joined up in series with a Daniell’s cell and 
the currerjt allowed to flow for a short time. The thermopile is 
then removed from the circuit and connected with the terminals 
of a galvanometer, the needle of which is thereupon considerably de- 
flected but gradually returns to its undisturbed position. Explain 

this, 


Note that the copper, silver, zinc, and cadmium lines slop 
wards to the right (Thomson Effect positive), whilst the iron, 
and platinum slope downwards (Thomson Effect negative). 
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Sectiom 0. 

■ (1) OiveKelvin^s theory of the thermo*eleofcrio oiromfc, and find . 
ait expression for the E.M.F. 'if the Speoilie Heat of el<‘otricity 
varies inversely as the absolute temperature. (B.E. Hons.) 

(2}''.BE|)po3e that at some point in an eleotrio circuit heat was 
being developed by the passage of the 'current. Describe how you 
would determine whether the heating was due to a rewisiance or to 
a thermo-eleetrio (Peltier) effect. (Inter. B, Be. Hons.) 

(3) What is meant by thermo-electric power, and how can the 

data for a diagram representing it be obtained ? (B.So.) 

(4) The thermo-electric power of Iron is 1,734 micro- volts per 

degree St 0®and 1,247 at 100 , and that of copper is 136 at (f and 231 
at 100®. Construct a thermo-electric diagram for these metals, lead 
being the standard, and state how the amounts of heat absorbed 
and given out in the different parts of a copper-iron circuit with its 
junctions at (f and 100® when there is a current of C amper<is are 
shown in the diagram. Caloulate also the electromotive force in 
volts. (B.Bc.) 

(6) Explain clearly what is meant by the **8pedfic heat of 
electricity.” 

Along a metal rod whose area of cross-section is 1 sq. cm. there 
is a uniform temperature gradient of 1® 0. per centimetre* The 
specific resistance of the material of the rod is 150 microhms per 
centimetre cube. 

When a current of 0*05 ampere is sent from the hot to the cold 
end the temperature gradient is unaltered. Calculate the spedfio 
heat of electricity for this metal. (B.So.| 

(6) What is meant by the specific heat of electricity ? Assuming 

that the E.M.F. of a circuit of two metals with the cold junction 
kept at constant temperature varies with the tem|>eratur 0 of the 
hot junction according to a parabolic law, show that the difference 
of the speoifio heats of eleotrioity in the two metals is proportionate 
to the absolute temperature, (B.Bc. Hons.) 

(7) Prove that the coefficient of the Peltier Effect at a given junc- 

tion is the product of the absolute temperature of the Junction and 
the rate of change of the whole E.M.F. of the circuit with the 
temperature of that junction. (B.So. Hons.) 

(8) The E.M.F. in a simple thermo-electric circuit one junotiun of 

which is heated while the other is kept at 0“C- is given by the ex- 
pression .g? = 5^ -f ct% where ^ is the temperature of the hot Junc- 
tion. Determine the neutral temperature and the Kdtier and 
Thomson Effects in the circuit. Explain the theory on which these 
determinations az*e made. (B.Sc. Hons.) 
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' ELECTEICAL MEASUEEMENTS. 

224. Principle of the Wheatstone Bridffe.- 
prmciple underlying this method of measuring resist 
lias been referred to (Art. 162). 

With the arrangement indi- D 

cated in Pig. 392 it is clear 

that selecting a point D on iLS 

the upper branch ADO, there 1 ^ 

must be on the lower branch AfCf 
ADO some point (saj D) at y Z/ 

the same potential as D, so \ 

that on connecting D and E ^ ^ 

through a galvanometer there I 

will be no deflection. Connec- 

tion between D and Y will Fig. 392. 

result in a current /rom T to 

D, for T is aboTO E and therefore above JD in potent 

similarly connection between D and Z will result i 

current /rom D to Z. 

As D and E are at the same potential we have 

P.p. between A and D P.D. between A and E 

RB. between D and 0 PJ5: between E and G* 

%.e. 

Quit, in AD x Bes. AD _ Qurr. in AE x Ees. A j 

Gurr. in DO x Ees. DO Ohrr. in EG x Ees. EC 

, Pes. AD __ Ees. AD 
Ees. DO Ees. DO' 


where P, y, D, and S denote the four resistances. 
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an unlmown resistance (saj P) can be found if the other 
three are. known, or if one of the adjacent resistances [R 
or B) be kiiow.a and the mtio of the other two l)e also 
known. The Metre Bridge and Post Office Box are 
practicjii .applications of the Wiiaatstone Bridge. 

225. Sensitiveness of the Bridge.—Ari examination of Fig. 
392 will show that if the positions of the gaivanoiriett.T and battery 
be interchanged the relation established above will Hiill huhi ; the 
'mmitiveneas may, however, baqiiitediileretit in tiie two eases, 'fhe 
greater the galvanometer current due to a small lack of balance the 
more sensitive is the arrangement. Applying the method of Art. 
162 to Fig. 392, the expression for the galvanometer current is 
Eim~ PQ) 

MYP+“<2 + R -f + 

In consideting tiie effect on this of interchanging B at,ti O the 
first term in the denominator may be neglcctA‘.d since ilcoiitaius t.he 
pn«iuct Bin aiul will not be altered by mteichangiiig H and G. 
The last two terms do not contain B or O and may be neglected. 
The part to be considered is therefore 

B{P 4- R) {Q + 4 Q{Q + P) {P + B) W 

If B and Q bo interchanged this becomes 

<y(p + p)(0-f p)4P(a4P)(P4^ m 

Hence (a) ^ {h) ^ [B - 0)[P Q) {S - P). 

Now amnme. B (jrmU.r than G and IH P and E he great in fow- 
pa^'inon with Q and S: the factors {B - G) and {P - Q) are 
positive, whilst {S - P) is negative, so that the expression on the 
right is negative, he (h) is greater than (a). This means that the 
de7iomi7ififor in the expression for the galvamuneter cnrr«»iit is 
greater when B and G are interchanged, and therefore the gttlrano- 
meter current iV-W/'is greater before they are interchanged, he. the 
arraiuement shown in Fig. 392 is the more sensitive. If G he 
gi'tater than P, then (a) is greater than {h) and ami B must he 
inUTchanged in Fig. 392 to obtain the mote famsitivo arrifige- 
metit. Hence we have the following rule: miichecfir hn>i the 
hitjher renietanee—the hatte,7g/ or the gal7nnome.tcr«-'~7miA hp put 
acroKH from the juiuition of the two higher re$iHtatices to the junction of 
the two lower remstancee. 

Note also, from the expression for the galvanometer amTcnt, that 
if RB = PQ, i.e. if P/B :=s RjQ^ iho galvanometer current Is m*o 
(Arts. 162, 224), 


.226. Measurement of -.Besistance by tbe Metre 
B»idge and Post Office Boa:.— 1« its .simplest form the 
Metre Bridge (Fig. $9Z) consists of three thick bars of 
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copper of negligible resistance fixed to a board and pro- 
vided with two gaps for the insertion of the resistance to 
be measured and a standard resistance with wbicb it is 
compared. A straight, 
hard uniform wire 1 metre 
in length joins the two 
copper end pieces and has 
behind it a scale divided 
into 1,000 equal parts. 

Bj means of a slider, con- 
tact can be made at any 
point on the wire, the 
exact position of which is 
indicated by a pointer at- 
tached to the slider and 
moving over the scale. 


rsfcdalEn 


1 


Fig. 393. 


The connections are shown in 
Fig. 393, in which P is the unknown resistance and S 
a standard known resistance of somewhat similar magni- 
tude^ The experiment consists in (1) closing AT and (2) 
moving the slider along the wire until a point of contact 
M is reached at which the galvanometer is not deflected. 
With this condition realised, 

Eesistanee'P __ Ees. Length AE ^ 
Eesistance S Ees. EG Length EO ' 

for, since the wire is uniform, resistance is proportional to 
length, hence 

Ees.ofP = J^i^xEes.S. 

Length EG 


Bxp. 1. To verify rougUy the lawaof ArL 158.— Take two wires 
of the same material and cross-section but different lengths, measure 
their resistances and verify that resistance is proportional to length. 
Similarly, by using two wires of the same material and length but 
of different diameters, verify that resistance is inversely propor- 
tional to the oross-sectional area. 

Measure the resistance {R), length {l)^ and diameter (c^) of a wire 
and find the specific resistance (^) from the relation S = Rajl^ where 
a = •7834(i* ; a may be found more accurately from the relation 
a = YQ\,jl = ivipl, where w is the mass in grammes and p the density 
in grammes per c.cm. ; p may be found by weighing in air (wi) and 
in water (w^j and using the relation p zs wfiW]. - 
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Bxp. 2. To ,‘find the t^mptrature eoefficknt of copper .- — The 
copper wire ia wound on A hollow perforated bobbin and placed in 
a vessel containing oil, a thermometer, and a stirrer. I’liis vessel 
is placed in an outer vessel containing water which can be heated. 
The copper wire is connected to the gap of the bridge iiy a pair of 
thick copper leads. Before heating measure the resistance of the 
coil and note its temperature. Graduallj" raise the tciiipc-raiure, 
keeping the oil well stirred. When the temperature has risen 
about 10® G. remove the heater, oontirme stirring abotit a ndnute, 
and then measure the resistance,^ noting the temperature when the 
balance is obtained. Repeat, using temperature rises of about 1 if C. 
up to 100” 0. Take a similar .set of measurement^^ during cooling. 
Plot two curves, one for heating, the other for cooling, with tem- 
perature as abscissae and resistance as ordinates, ^^electing the 
better curve, let //q = re.sistanca at any tenij>erat,ure and 
= resistance at another temperattire ; then 


Mil ^ ^0 (1 Hh .=s Mff (I -f 


Mf^ 1 +• Rjid'3 " 

Another form of Wheatstone Bridge in the Post Office 
Box ; in dealing with this we shall for conveBienc© write 
the relation of Art, 224, vis. P/iS = B/Q, in the form 
E/P = Q/S, and shall assume S to he the unknown 
resistance. 

The Post Office Box consists of a number of coils of 
known resistance arranged so as to form three arms of a . 

Wheatstone Bridge, 
the fourth consisting 
of the coil . whose re- 
sistance is to be deter- 
mined. The method 
in whicit the coilS'.are 
fixed and maiiipiikiled 
iS' shown'' in :Fig, S94.' 
Tlieir .ends.'' are ; at-, ^ 
teched to solid brass/', 
'Mocks,; separated from' 
each' other'; bj,' conical,;; 
gaps, into which ciuii- 
cal brass plugs can be inserted, Bj inserting a plug that 
particular resistance is cut out of circuit, for the current 
will pass from on© Mock to. the next through the plug; 
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removing a ping necessitates the current going through 
the coil, thus adding that resistance to the* circuit. The 
coils are doubled upon themselves in the manner indicated 
so as to eliminate the effects of inductance. 

A plan of the box and its connections is shown in 
Fig. 395 The arms P and R are known as the ratio 
arms ; each consists of three coils of 10, 100, and 1,000 
ohms resistance. Q is called the rheostat arm, and consists 
of a series of coils whereby resistances ranging from 1 to 
10,000 ohms can be obtained. 8 is the unknown resist- 
ance. The lettering of the box is identical with Fig. 392. 
The manipulations will be understood by considering the 
following experiment. 


Fig. 896. 

£xp, jfb TiicasuTe a resistance by the Post Office Box, — Join up as 
indicated. Take 10 ohms from R anRt 10 ohms from P, By taking 
out different plugs in Q endeavour to find a resistance such that on 
closing first the battery key and then the galvanometer key the 
galvanometer is not deflected. Since i? is equal to P, Q must be 
equal to /S' to secure a balance. In an actual test 2 ohms in Q at 
this stage gave a deflection to the right and 3 ohms gave a deflection 
to the left ; hence the conclusion that S was between 2 and 3 ohms. 

Make R equal to iOO ohms, keeping P equal to 10 ohms, and again 
endeavour to find a resistance in Q for no deflection Since R is 
now equal to lOP, Q must be equal to lO/S for a balance ; hence in 
the test referred to it was only necessary at this stage to work with 
resistances between 20 and 30 ohms in Q. On taking 23 ohms the 
deflection was to the right and 24 ohms gave a deflection to the 
left ; hence B was between 2*3 and 2*4 ohrm 


r 
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Make R equal to 1,000 ohmSy httpinq P equal to 10 olmiH, aiui 
again try to lind a value for Q for no deflection. In this c^ase, ainee 
R is equal to lOOF, Q must be equal to 10i).V for a habuiee ; in tine 
test in queatlon it was therefoi'o . only necessary to work with 
reaistanceH between 230 and 240 ohms in Q, On taking 237 ohms 
the galvanometer was not deflected ; hence *S’ was equal to 2*37 
ohms. 

Should two consecutive resistances in the third ste|) still 
produce deflections in opposite directioiis, th<‘ true vaiue 
may be found by interpolation. To tali-o an exiuuple, : If 
237 ohms gave a deflection of 30 divisions to the riglit, 
and 238 gave 40 divisions to the left, a l*alaiic(‘ would be 
obtained If Q could be made equal to 23/ -f i-g, i.e. 
237'428 oliins; in this case the value of 8 would be 
2*37428 ohms. 

If the unknown resistance is very large. It must rota, in 
its value, 10 ohms, throughoat, and P must be ma,de equal 
to (say) 1,000. B being of P, Q must be of tiie 
unknown to secure a balance. Thus, if I,2Ub fri>nji Q 
gives no deflection, the value of S is 120,800 ohms. 

227- Errors, Correotions, and Precautions m Metre 
Bridge Work. — ^The sources of error in Blefcre Jlridga work 
may be briefly summarised as follows ; — 

(1) Lack of uniformity in the bridge wire. To avoid 
the errors arising from this the wire must be caUbratei so 
that the ratio Res. APJ/Res. BO is accurately known. 

(2) Resistance of the end pieces too large and unequal 
to be neglected. These are determined expo rimen tally as 
equivalent to so many divisions of bridge wire, and these 
are added to the respective sections AM and EG each time 
a test is made. 

(3) The non-coincidence of the pointer (wddch moves 
along the scale) with the edge of the tapper (whic!) makes 
contact with the wire). It is easily seen that the errtjr is 
eliminated by interchanging the coils and taking the inea.n 
of the two results. (Prove (Ms.) 

(4) Variation of the resistance of the coils used owing 
to temperature changes during the experiment. To reduce 
this the current must be kept as small as possible, and 
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only allowed to flow for short intervals of time. Special 
precautions must be taken in special cases. If the tem- 
perature and temperature coefficients be known, corrections 
can be made. 

(5) Errors due to thermo-electric effects. These are 
ehminated by using a reversing key in the battery circuit 
and balancing with current in opposite directions in the 
bridge. (Explain this.) 

1- To calibrcUe a bridge wire . — There are many methods in 
use; the following briefly outlines one method. In Fig. 396 B is 
an accumulator, R atheostat, and O' a galvanometer ; tlie current 
indicated by G must be kept constant. are two contacts 

connected to a high resistance galvanometer JIG. With a steady 
small current passing, Pj, Pg are placed on the wire at 0-50 and the 
deflection of PO is noted ; this is proportional to the PD and 
therefore to the resistance of this part. The contacts P, , P„ are then 
placed on 50— 100, 100 - 150, etc., and the observations are repeated. 
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Fig. 396. 


Fig. 397. 


If dif <^ 2 , etc., be the deflections, then di is proportional to the 
resistance of the part 0 to 50, {d^-k-d^) to the part 0 to 100 
(c?i , + ^2 Hh to the part 0 to 150, and so on. A curve is now plotted 
with scale divisions as ordinates, and the sum of the deflections 
di + dg, etc., from zero to the scale divisions as abscissae. Such a 
curve, in which the sum of all the deflections for the whole wire 
0-1000 ’is 820, is indicated in Fig. 397. Clearly if in a test a 
balance is obtained at division 450, the ratio of the resistances is 
not 450/550 = *82, but 376/(820 - 376) = 376/444 = *846. 

By inserting a standard low resistance (/S’) and noting the deflec- 
tion {D) when is joined to it, the actual resistance correspond- 
ing to the deflections may be found ; thus the resistance of the first 
section is d^8|D. HenCe the deflection curve may be marked to 
read the actual resistance of the wire. 
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Exp. 2. To find the corrextion for the end pieces ^qf a Metre Bridge* 
—Join up as indicated in'- Fig. S93,'P and 6’ being iii this case knmm 
'resistances, so that the ratio PjS = r (say| is known. Let the resis- 
tance, ol the end A be. equal 'to a divi.sions of tlie wire and that o.f G 
equal to § divisions of .the wire. jSeou're a „ balance anti .let AM = ri| 
divisions and .d (7 =s: -L divisions ; then 

P fit 4- a 




s 


How interchange P and S iind again balance; let be the 
balancing distance from the end A ; then 


(L figl 4- (3 ^ 
4“ a 



^ dig 4" ct ^ i 

... . ' i9.\ 


(i - clA 4- 


.From (.1) 

(di 4 - a) ~ r{L fij 4- r/i 

(3) 

From (2) 

rfdg -fa) =3 {L - ^ 2 ) f ft 


i.e. 

4” ^ r{L cl^) 

(.4) 


Eliminating ^ by subtracting (3) and (4)— 

« + r(d, - do) - j’Via 

jS can similarly be found. 


Exp. Z. To memure with greater accuracy the resiHianm of a wire 
by the 2 \fetre Bridge,— The form <*f bridge siiown in Fig. 39s permits 
of modifications to secure greater accuracy. 

The best arrangement oi the apparatus to secure maxi muni sen- 
sitiveness depends on the conditions of tiic experiment (see Art. 22J). 
The resistance of the standard S should be of similar magnitude to 
that of P, and in a general way the wire resistonce slioiiid be a^xuit 
equal to their sum. As the wire resistance is frequently somewiiat 
low compared with that of the coils, approximately equal resistances 
Bj and Ilii each about equal to the luiknown, are Inserted as Bluiwn 
in Fig. 398. Assuming the wire unifortn and the staridards cor- 
rected for temperature, the operandi is as follows : — 

(1) Determine roughly the value of J!\ ami then select a standarfi 
*8 and resistances AVand j^^of somewhat similar magnitude. ix‘t 
Bi be equivalent to divisions, and to n.^ clivisions uf the bn<lge 
wire. Let the end A have a resistance etjual to a divisions, and T 
a resistance equal to 6 divisions of the wire. On Ixdancing as 
shown — ■-”' ■ 

s= % 4" Hh li 
S . %' 4- 6'-h (iCKiO- /jf 


I 
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(3) Interchange P and S, and with the current going as in the 
first step, let I 2 be the balancing distance from the end X» In this 
case 

P « 712 + b + (lObO “ k) 


(4)^ Beverse current, balance, and obtain the ratio P ; S. 
Adding numerators and denominators in (1) and (3) — 

P ^ lOQQ + + ?i2 "h -h b 4~ (^1 — 


,V P = ° i/— /I X where a = 1000 + nj + % + ct + 6. 

^ \h h) 

Similarly find P from (2) and (4) and take the mean. 

228. The Carey Poster Bridge. — -Fig. 398 will also 
serve to explain the Carey Foster method of measurement 
with the bridge. In this case JSj and Pg, which are 
generally of about the same value, are the two resistances 
under examination. Let a be the resistance oi the end X, 
j8 the resistance of the end Y, L the total length of bridge 
wire, and let p denote the resistance per unit length. 
Balancing as indicated in Fig. 398 we have 

P -^1 4* O' + 

8 p{L ^ 

. ISTow let and Pg be interchanged and let be the 
balancing distance from the end X ; hence 

P — Pg -f- g + pl^ 
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TllllS— 

Ml *4- a + ____ -h a + pl^ 

4“ Hh p — Zj) Ml 4“ ^ 4^ p (Z/ “ 1^) 

Adding 1 to eacli side we get 

M^ 4* 4” pJj 4“ Ml 4“ « Ml f3 - j- pL 4" 4 " ^ 

1^2 4* ^ 4“ pM ■ — pli JZj 4“ 4“ pM ““ ph 

Here tlie numerators are the same, lienee the denoiBinators 
$ke equal ; equating the denominators we get 

jESj — jSg = p (k — Zj) = Ees. of the part (h — IJ, 

Thus the difference between the two resistances and 
^2 is equal to the resistance of the bridge wire between 
the two balancing points ; the result, it will 1x3 noted, 
does not involve the end pieces or the values of P and 
8. The resistance of the length (1^ — Ij amv be taken 
from the calibration curve, and if be known E^ is 
determined. 

This method can he employed for calibration ” if i?| - he 
accurately known, for p = (Pi - M^yih ~ h ) » thus if either P or S 
can be slightly altered at will, so as to bring the balancing points to 
various parts of the wire, p for the parts in queatioii can be 
determined. 

229* The Callendar and tjbnMths Bridge. — This 
bridge is used with the platinum thermometer for the 
measurement of temperature. In Fig. 399 the arms P 
and S of the bridge are equal Leads join the thermo- 
meter pi to the gap in the arm Q, and a similar pair of 
dummy leads close to the main ones is connected to a gap 
in the arm S; thus the resistance of the leads is eli- 
minated. The wire ah is HO cm. long and its resistance 
is' '25 ohm ; at r there are eight coils, the resistances 
being T, *2, *4, *8, 1*6, 3*2, 6*4, and 12*8 ohms. The tapper 
consists of a slider if which connects ab and cd. The 
thermometer itself consists of a platinum coil in a tube 
of glazed porcelain or glass. 

In testing, the thermometer is subjected to the unknown 
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temperature and the bridge balanced for no deflection : if 
tins occurs with the slider os cm. from the centre of ah 


= Z + y 4- ^ + pa; 

8 Q I -jr pt h — px^ 

where I is the resistance of the 
leads, h the resistance of half the 
wire ahf and p the resistance of 
one cm. of it ; but P is equal to 
8, hence 

l+jpt + h—px = Z + r + h + px, 
pt = r + 2p!e = r+ 

Knowing the resistance pt of 
the thermometer, the tempera- 
ture to which it is exposed is 
known. The battery (not shown) 
joins the P, E and 8, Q junctions, as usual. 



230. Measurement of High Hesistance. — The 
Wheatstone Bridge is unsuitable for the measurement of 
high resistances of the order of a megohm, since the con- 



ditions for sensitiveness must be violated. Of the many 
methods in use two will be briefly described here 

Bxp.l. To measure a high resistance by the mhatitiition method, 
—Join up as in Fig. 400, where B is a convenient battery, B a high 
resistance (of the order 1(K),000 ohms), G a high resistance galvano- 
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meter, K a well insulated key, and X the high resistance^ to be 
measured. With the lever on the upper stud a t.he detieetjon Oj 
of the galvanometer is obtained. A known resintauce r is now 
introduced, X being out out of circuit by moving tlie lever to the 
stud h. The resistance {also r if necessary) is adjusted, the 
total B between C7 and D being kept constant, until ‘a defection 
i)g of somewhat similar magnitude to i)j is obtainetL If e. be the 
r,D, between 0 and ,Z>, the F.D. between (J and Ej /j the cur* 
rent in the galvanometer in the first ease, and /> the current in it 
in the second case, 


_ e ' 
G^X' 
e G- -h r 
T^G^X' 

or X: 


r - 
i, ^ 


B G -hr 
■g 'll" * '¥"FX 


D.,R{0 -hr) 




The resistance of the msulatiou of a cable may be 
found by the method outlinecl al>pTe. The ealde is eoiiiid 
up in a metal tank containing water, the ends only being 
outside, and these are well insulated to prevent leakage. 
One end of the metal core is Joined ma the key (stud a) 
to the galvanometer, the other end of the core* being left 
** free,” and the metal tank, which through the water is in 
contact with the outside of the insulation, is Joined to the 
end D of the liigh resistance B ; tims the insulation takes 
the place of X in Fig. 400. 

The specific resistance of the dielectric may now 1)6 
found by the relation of Art. 159, viz;.— 

{“i?ssr}={ X T } »-”■ 

where s is t!ie specific resistance in ohms per inch cube, r, 
and the external and internal diameters (or radii) of the 
insulation, and I the length of tlie cable in inches, 

Exp. 2. To memure a high rm, ‘Stance % the lorn of charge 
method . — The ‘‘loss of charge method is suitable for the measure- 
ment of the dieleotrio resistance of a eondenner or short lengtli of 
cable, and is diagmmmatioally represented in Fig. 401, in which B is 
a condenser of which the dielectric resistance is rwpfimi. The key 
K is closed and when the deflection of the electrometer E k quite 
steady K is opened, thus disconnecting tlm battery from E and M. 

leaks away and the poten- 



fcial falls : tMs is indicated by the falling deflection of th) 
meter. Time readings of the deflection are taken and 
plotted with time as abscissae and deflections as ordinates, 
ing now any two points on the 
curve let Fi denote the deflec- 
tion corresponding to the first 
point and V 2 corresponding 
to the second, and let t seconds 
be the time interval between the 
two ; the dielectrio resistance 
R is found from the relation 


EARTHS 


— — ^ (see below), 

2-3026 O' logx„^ 

where 0 is the capacity of the condenser. With G in microfarads 
R will be in megohms. 

In the preceding it is assumed that the leakage only takes place 
at the condenser. To allow for any leakage at the electrometer we 
proceed thus : — The condenser E is cut out and the electrometer 
only charged. Time readings of the deflection are taken and a 
curve plotted showing the fall of potential due to leakage at E, 
The experiment is repeated with R in the circuit as explained above, 
and a curve plotted showing the fall due to E and R, From the 
two curves the fall due to R alone is obtained. 


The expression for in the preceding niaj be readily 
established. If Q be the charge on the condenser at any 
instant, V the potential, and G the capacity, 


But dQ/dt denotes the leakage current and is equal to Y/E, 
hence 


Integrating, we arrive at the result 
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Time Gonstmit . of a Condenser , — -Consider a condenser 
slowly diseliarging thro!.igh a high resistance M which con- 
nects*' its terminals. Eeasoning similar to the above may 
be applied, the leakage now being considered to take place 
through this resistance E, . If Fj be the initial jimi the 
final P.]>* for an interval of 1 seconds,' 


. F ^ F, _ t 

V„ BG ’ ■* v: liG 


EG, r. 


Thus, if a ch 


denser has its coats connected by a wire of resistance 
12 ohms, the potential (and charge) will fall to 3 

of its initiai valiie*,ia' a time MG seconds-— or 27I82B 
being the base of the ■ Napierian logarithms. EC mcondi 
w called the time constant of a condemer of capacity C 
MBcharging through a resutmce E, Neglecting leakage 
throngh the condenser the method outlined al)o?6 may 
evidently: be used to find the value of the high resistance 
E joining the'terminais'and through which t.lie condenser 
is' slowly discharging. ■ 


231« Keasmremant of low Besistaiice.— In the 
methods indicated below, the lo%f resistance to he measured 
is put in series with a standard low resistance and the fall 
of potential in the two compared (1) by means of a call- 
' ■ brated wire, (2) by 


the galvanometer de- 
flections. 


J1 ity' MViS 4-, h To memmtre 

T .vJJ ^ W W, « 1 a low remdance using a 

^ .SIJ calibraM wire, — ^In Fig. 

- — ^ -vwwi. 402 AO in a staitdard 

B ' ^ (calibrated) low rcsis- 

Fic* 402 ' ' ■ tance wire Joined to an 

accumulator li and an 
adjustable resistance r. The-unkuowu resistance X and a itAndard 
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low resistance of somewhat similar magnitude 8 are connected in 
series, and the two put in parallel with the standard wire. A 
sensitive galvanometer has one terminal joined to one end of the 
unknown, and by means of a movable contact a point a is found 
on the wire such that the galvanometer is hot deflected. This is 
repeated at the other end of the unknowm, and at both ends of 8f 
as shown by the dotted lines in the figure ; clearly then 

P. D. at the ends of X = P.D. between a and a% 
and P. D, at the ends of ;Sf = P.D. between b and h' f 

. P. D. at the ends of X _ P.D. between a and d 
P.D. at the ends of 8 P.D. between 6 and h* ’ 

. Kes. X _ Res. aa* 

Res. Res. bh* * 

and this may be written Length oa'/Length bb* if the wire be quite 
uniform ; thus X is determined. 



3ESxp. 2. To measure a low " fWWY 
resistance by comparison of ■ ^ 

deflections . — In this case (Fig. 

403) the ends of X and 8 and 
the high resistance galvano- 
meter O are connected to a 
Pohl’s commutator P. By 
means of the latter G is first put across X and the deflection di is 
noted; it is then put across 8 and the deflection cfo is noted : 
then 


Fig. 403. 


Res. X _ P. D. at the end s of X _ di 
Res. 8 i*. D. at the ends of 8 * 


from which X is found. It is advisable after taking d^ to again put 

across X and note the deflection ; if this is not the same as before 
the mean of the two is taken as the deflection for X. 

232. Measurement of Battery Besistance.—Bat- 
tery tests are not a great success, for the resistance depends 
upon the current the battery is giving (decreasing as the 
current increases) and polarisation affects many resistance 
determinations ; the following methods are typical and 
illustrate important principles 

JESxp. 1. To measure the resistance of a cell by the condenser 
method . — In Fig. 404 5 is the cell, the resistance of which (b) is 
required, (7 is a condenser, BO a ballistic galvanometer, K a charge 
and discharge key, and r a known resistance. 

With r disconnected from A charge the condenser by depressing 
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K, and note the first swing of BQ -, let this be d,. Discharge the 

“Coreet the poles of B by the resistance f and again A 

^ noting the first swing, of BQ. iJiscnarge 

the condenser. . 

If be the E.M.F. of the ceil and F its 
terminal potential difference when joined by 
r, the charge given to the condenser m tho 
first case is CE and in the second case OK, 
where 0 denotes the capacity of the conden- 
ser ; hence CE : GV - Again, 

the current in r is given by E/ib i- r), ma 
also by r/r(Art. 155) ; hence i?: F=s {bi-rji r. 
Clearly then 


d| - d>z 


Exp. 2. To measure the resistance of an 
Fiff. 404). accumulator by the ammeter and high resiS" 

tance galvanometer method * — Briefly this ex- 
periment is carried out as follows : — 

(1) A reflecting galvanometer, with a large resistance (100,000 
ohms) in series with it, is connected to the poles of the accumulator 
and the deflection di observed. 

(2) The poles of the cell are now joined to a second circuit con- 
sisting of an ammeter and variable resistance, and the Matter is 
adjusted till a current of (say) 10 amperes is registered. While 
this current is flowing the galvanometer deflection is read. 

(3) The accumulator and ammeter circuit are removed, a standard 
cell{E.M.F. = 1-434 volts) put in series with the galvanometer and 
its high resistance, and the deflection observed. 

A deflection d^ is produced by a pressure of 1*434 volts j 


and 


d. 


X 1 *434 volts 


d, 


P X 1*434 volts. 


if E be the E.M-F. of a cell and V the terminal potential 
when a current passes, i? ~ F is the volts used in the 
f J be the current in the cell — 


of cell = 


A" - F 


on open circuit, so that 
the terminal P. D. in Case 2 is 
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X 1 *434 J- volts, and neglecting the small portion taken by the 

galVanometei* 10 amperes may be taken as the current in the accu- 
mulator ; hence 

4 1-434 


Ees. of cell = 


(L. 


d. 


1*434 


= -1434^11^1 ohms. 


Exp. 3. To memurt tht resistance of a cell hy Beetz^s method . — ‘ 
In Fig. 405 PQ is a calibrated wire, B the cell whose resistance 6 is 
required, G o, second cell of smaller E.M.F., and G a galvanometer. 
The positive pole oi \B is connected to P, and the negative pole to 
some point S ; the positive pole of G 
is also connected to jP, and the nega- 
tive pole to some point T between P 
and k The potential difference be- 
tween P and T tends to drive a current 
through the lower branch in the direc- 
tion FOOT, whilst the E.M.F. of the 
cell C tends to drive a current through 
the lower branch in the direction 
TGGP. Clearly it will be possible to find a point T such that Q is 
not deflected, in which case the P.D. between P and T will he equal 
to the E.M.F. of G *, hmooi the test is as follows:— With the con- 
nections as shown find the point T for no deflection. If E and E' 
be the RM.F/s of B and Gy R and r the resistances of PB and PT, 
then 

Current in PS = 

.ll_h + R 
r r * 






<3 

Fig. 405. 


Alter the contact jS^ to iST and find a point T for no deflection j if 
and V be the resistances of PaS' and 


E + IT 

W r' * 

. 6 + P _ 5 + P' j X. _ R'r - RF 

3=: , 1.6. O — • 

r T r - r 

The cell B must not be allowed to give a current tor any length 
of time ; in practice K is closed and contact quickly made at P, and 
if G is deflected K and T are immediately opened j this is repeated 
until the required point T is found. 

In the electrometer method the cell is 
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an eleetrometei: and the deflection d, is observed ; this is 
a measure of the E.M.P. (E). The poles are then joined 
bv a wire of resistance r and the deflection d. is ob- 
served; this is a measure of the terminal potential dit- 
ference (F). Here, as in Exp. (1) above, 

6 + r_E_d, ie6 = r^~ ^ 

V " 


■ii 
' d’ 


The same principle is utilised in the potentiometer 
method (Art. 235), d, and d, being in this case the 

balancing distances on the potentiometer wire. 

^ In mance’s method the 

cell is placed in the arm of 
the Wheatstone Bridge ordi- 
narily occupied by the resist- 
ance to be measured (the 8 
arm, say, of Pig. 406), and 
the usual battery branch con- 
tains a key K only (Pig. 
406) ; the galvanometer will, 
of course, be deflected. Ee- 
sistances are then adjusted 
until the galvanometer deflec- 
tion is the same whether the 
key K is open or closed. 
When this condition is realised it can be shown that the 

usual calculation applies, viz. 

Ees. (S) of cell _ P 
Q ’E’ 

and, since Q, P, and E are known, 8 can be determined. 

The truth of the above is readily shown by an application of 
Kirohhoff 8 laws to Fig, 406, in which the small letters p, q, r, s, g, 
h denote the currents in the various paths ; thus— 



q = g + r 

« = ff + P 

E = Ss + Qq + Gg .. 
O = JBr + Pp — Og 
_S-8s-Qq 


( 1 > 

( 2 ) 

(3) 

(4) 

( 5 ) 


From (3) — 
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From (4)— 


1 . 6 . 


„ ^ Ur Pp _ Mi,q ^ g) ^ P(8 - g] 
Gg ^ Rq - Rg + Ps Fg^ 


+ P6 

^ G + R + P 


( 6 ) 


From (5) — 
From (6) — 


EP^SsP-QqP 
9 Qp 5 

RqS + PbS 
^ S{G + R + Pf 

EP + q{RS--QP) 

^ GP ^ s{G R py 


Now, if R8 - QP » 0, the current in ^ will not depend upon 
the current and therefore will not depend upon the current fc{for 
any change in ^ will alter q ) ; thus, iiSIQ = P/P, the galvanometer 
deflection will be the same whatever the condition of the path K, 
and, therefore, whether the key K is open or closed. 


233. Maasuvement of Galvanometer Besistance. — 
The most satisfactory method is to remove the needle and 
suspension in the case of a moving needle galvanometer, or 
clamp the coil in the case of a moving coil galvanometer, 
and measure the resistance in the usual way (Art. 226) ; 
this necessitates, of course, the use of a second galvano« 
meter. 

In Kelvin's method only the galvanometer under test 
is employed. This galvanometer is placed in the arm of 
the Wheatstone Bridge ordinarily occupied by the resist- 
ance to be measured {S in Fig. 392), and a key is placed 
in the usual galvanometer branch : the galvanometer will 
be deflected. Besistances are then adjusted the 

galvanometer deflection is the same whether the hey ^ ref erred 
to is open or closed ; it is clear that, when this is so, the 
points D and E (Fig. 892) are at the same potential, and 
therefore the usual calculation may be applied. 

The principle underlying the logarithmic decrement 
method which is applicable to a reflecting galvanometer 
is interesting. The terminals of the galvanometer being 
left free, the log. dec. is determined by starting the 
system oscillating, and noting the amplitudes of successive 
wings (Art. 190), The terminals are then joined as by 
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known resistance JS and tke log.- dec.^ 'y^ determined, 
Finally the terminals are short circuikd, Joined a 
short thick wire of negligible resistance, and the log. dec. 
is determined. It is easy to show that 


a 


Hie. 


Ta Ji 

where d? is the galvanometer resistance. 

In the above we may write 7 = F -f , ^ where y is the 

T" il 

logarithmic decrement, G the galvanometer resistance, i? the 
resistance joining the terminals, and P and Q are constants. Now 
in case (1) 

and in case (2) 


7j = -P + 

In ease (3) 


Q 


= 7i +' 


Q 

G + E" 


Q = {G -I- M) (72 “ 7ih 


Y, = P + -| =7, + = (73 - 7 i)ft 

Hence {G 4 - E) (y^ - 75) = (? (73 - 7 i)» 

q=:7iZ.2ie. 

73-72 

234 . Measurement of Blectrolytic Besistance. — 
An obvious difficulty in these measurements is the fact 
that in most cases a back E.M^F. is set up, which, with 
ordinary methods of testing, would appear as a resistance, 
and, further, the back E.M.F. itself is not constant. In 
practice the electrodes are invariably of platinum coated 
with “ platinum black.’* The following methods, amongst 
others, have been resorted to : — 

( 1 ) KohlrmscVs Method . — This is a metre bridge method, 
the electrolyte being in one gap and a standard resistance 
in the other. Current is supplied by the secondary of an 
induction coil, and as this is rapidly alternating in direc- 
tion the opposite polarising effects at the electrodes 
neutralise each other. Balance is obtained by means of a 
telephone, the balancing point being that for which the 
sound in the receiver is a minimum. The condenser of 
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the indtiction coil should be removed, otherwise the 
ciirremts iu the two directions will not be equal, and 
..polarisation will occur. 

(2) Fitzpatricks Method . — A better method, that of 
Fitzpatrick, is to supply continuous current from a battery 
as usual, having also the ordinary Wheatstone Bridge 
connections, mcluding the galvanometer, but to pass the 
current first through a commutator, which is rapidly 
rotated by a motor and continually reverses the current 
flow, while at the same time the motor, by means of 
another commutator, continually reverses tne galvano- 
meter connections, so that the swings, if any, are all in 
one direction. The galvanometer circuit is closed a little 
after the battery circuit and opened a little earlier to 
avoid inductive effects. 

(3) Stroud- Henderson Method , — This is one of the best 
methods, and will be understood from Fig. 407. The 
resistances 8 and Q are 

made equal and very large. 

The resistance P is that of ^ ^ 

a tube of the liquid under V 

test. The resistance JS is / J 
partly that of another tube 

of the liquid exactly like /"Ar / 

the first, except that it is 

much shorter and partly : NsSr 

made up by an adjustable \ 

resistance. This adjust- A 

able resistance, r, is altered • — — 

until the galvanometer Fig. 407. 

shows no deflection, in 

which case the resistance r equals that of a column of the 
liquid equal to the difference in length of the two tubes. 
Thus, although continuous current is employed, since the 
polarisation effects are the same in both arms of the 
bridge, their effect on the result is eliminated. Further, 


■ 

|;l' 

Hill .ti; 

Alii 

ilii 


i 

ilii 
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r = ,-i-^ = PA, ..p-T’ 

where k is a constant for the pair of tubes. 

In determining k it is usual to allow for any difterenoe in the 
cross-seotion of the tubes as follows: — ^Let M — mass of mercury 
required to fill the longer tube, m = the mass required to fill the 
shorter tube, cti = cross-sectional area of longer tube, — oross- 
seotional area of shorter tube, and d ^ density of mercury ; then 

M 7 ^ ^ 

M- cLilidt ** Yd* ^ ^ *“ 

’•= "-I- = Kl- ffi'S)]’ 

*.e. r = pKy :.p==rlK, 

where K = d 

\M mJ 

235. Comparison and Betermination of Electro- 
motive Forces and Potential Bifferences. — One of the 
best methods of measuring and comparing E.M,F**s and 
P.D.*8 is that known as the potentiometer method, the 


i 


I 



Fig. 408. 

principle of which has practically been referred to in Art. 
232, Exp. 3. The potentiometer of Fig. 408 consists 
of seven uniform wires, each 1 metre in length, joined in 
series by thick copper bars, as indicated : scales graduated 
in millimetres are placed alongside the wires. The po- 
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tentiometer wire is in series with an ammeter -4 (for the 
detection of anj current variation during the experiment), 
a plug key (P), and a battery (P) of three good accumu* 
lators, the positive pole of the latter being joined to the 
end 4. of the wire. 

The positive terminal of a Latimer Clark Standard Cell 
8 (E.M«F. = 1*434 volts at 15° C.) is connected to the end 
4, the negative terminal being joined through a resistance 
P and a sensitive galvanometer G to the sliding contact K 
placed 143*4 centimetres from the end 4. 

The P.I). between the points 4 and K produced by the 
battery P tends to send a current through the lower 
branch in the direction 4;S'6rPPr, whilst the E.M.P. of the 
standard ceil tends to drive a current in the opposite 
direction in this branch, viz. in the direction KEGS A. 
By altering the current in the potentiometer it can be 
arranged that the P.B. between 4 and K (given by the 
product of the current and the resistance of this portion 
of the wire) is equal to the E.M.P. of the cell 8, in which 
case no current will flow in the lower branch and the 
galvanometer will not be deflected. This is attained by 
means of the slider Z, consisting of a short piece of stout 
wire held firmly on the potentiometer wires ; the position 
of X is altered, thus varying the total resistance of the 
wires till no deflection is indicated ; finally B is removed 
for greater sensitiveness and X again slightly changed if 
necessary till there is absolutely no movement of the 
galv^inometer. Clearly the P.D. between 4 and K is now 
1*434 volts; and since the distance AK is 1,434 milli- 
metres, each millimetre of the wire gives a P.D. of *001 
volt. 

Exp. 1. To measure the of a LeclancM cell hy the 

potentiometer. — Substitute for the standard cell ^ the Lecianoh4 
ceil to be tested, its positive pole being connected to the end A. 
Adjust the position of the sliding contact K until the galvanometer 
is not deflected. If P be d mm. from A at the balance, the E.M.P. 
of the Leclanch^ is (’OOl x d) volts. With the apparatus of Fig. 
408 any E.M.F. up to about 5| volts can be measured in this way. 

If the P.D. to be measured is a large one, say of the 
order 200 or 250 volts, a high resistance (10,000 ohms or 
M. AND E. 39 
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more) is connected to the two points between which the 
P.D. is required, and the P.B. for a known fraction of 
resistance is measured as above ; from this the fnll P.I). is 
readily found, since fall of potential is proportional to 
resistance. Thus to measure the P.I). between the leads 
OF (Fig. 409) a resistance OF of 10,000 ohms is inserted 
as shown, and of this a part CB of 50 ohms is connected 


Pig, 410. 

to the potentiometer, the high potential end 0 being joined 
to A, If the balancing distance from A be 1,250 mm. the 
P.D. between G and B is *001 x 1250 = 1*25 volts, and 
the full P.D. between G and F is 1-25 x = 250 
volts. 


Exp. 2. To measure a resistafice by the poientiomeier,~--ThQ 
resistance X (Pig. 410) to be measured is put in series with a 
standard resistance 8^ an acoumulator, and an adjustable resist* 
ance. The P.D. at the ends of the unknown is balanced on the 
potentiometer, as in the case above. This is repeated with the 
standard, and 

P.D. at ends of X _ (Current in X) (Res. of X) Res. of X 
P.D. at ends of 8 (Current in 8) (Res. of 8) Res, of 8 * 

. X _ *001 X _ di 

8 '^ ‘OOl xd^ 

where di and dj are the distances in millimetres from A to the slid- 
ing contact at the balances. 

Exp. 3. To measure a current by the potentiometer.-^Uhe 
current to be measured is sent through a standard low resistance of 
*1, *01, or '001 ohm according to circumstances, and the P. D. at 
the ends of this standard is measured in the usual manner* this 
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the apparatus of Fig. 408, volts can be measured, and this at the 
ends of a resistance of (say) *001 ohm would mean a current of 
5^/*00l, 5,500 amperes; thus it is that large currents can be 

measured by the potentiometer method. 

To measure tlie resistance of a cell by tbe potentiometer 
the cell is connected to the potentiometer as in Exp. 1, 
and its E.M.E. J7 is balanced. Its poles are then joined 
by a resistance r, and the terminal P.B. Y is balanced. 
Clearly EjY = = (6 4- r)/r, Le. b = r{dj^ — 

where and are the balancing distances. 

In a thermo-electric circuit the electromotive force in 
the circuit under given conditions of temperature may 
generally be measured by a suitable modification of the 
potentiometer method. As the electromotive force in the 
circuit, usually expressed in microvolts, or millionths of a 

Pohnhometer iVire 

10 OHMS "n 


I 1990. OH MS 


990HM^ 



Fig. 411. 


volt, is very small, the difference of potential along the 
potentiometer must be small and so subdivided that a 
difference of one-millionth of a volt may easily be read. 
One method of arranging this is indicated in Fig. 411.- If 
the wire be divided into 1,000 divisions the difference of 
potential for each division will be about 1/10^ of the 
E.M.F. of the battery, and may therefore be small enough 
to admit of sufficiently accurate measurement. 

Of the many other methods for the measurement of the 
E.M.F. of a cell, three only will be briefly dealt with : — 

Zaxp. 4. To compare the of a JOanielVa cell with that of 

a LeclaricJU cell by the mm aiid difference method. — Place the two 
cells in series and complete the circuit through a tangent galvano- 
meter and a resistance ; let 0^ be the deflection. Now reverse one 
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of the cells, keeping the total resistance as before, and let #2 be the 
deflection. If be the greater and the lesser E. M. F., and if 
be the reduction factor of the galvanometer, 

= K tan Sj, 

R 


= g tan fli, 
K 


where R is the total resistance ; hence 

El "1“ E^ tan 

El — E^ tan 

• ?X — + tan 

’ * jS/g ^ tan - tan 6^ 

Exp. 5. To compare the E,M.F.^8 of two cells by the Lumndm 
method. — Connections are made as shown in Fig. 4X2, and and 

adjusted for no deflection. Hie 
resistance is then altered to Rf 
and Ag adjusted to Rf, so that again 
there is no deflection. If A’j ami A’g 
be the E.M.F.’s, Bi and i?2 tlie resis- 
tances of the cells, and G the galvano- 
meter resistance, then in the first case 
we have 

i?2 = (^2 + B.^y +G {y - x), 

and, since the galvanometer is not 
deflected, x ^ y\ hem e 

h. = \±3x 

El R 2 4- 

Similarly, in the second case — 

_ ^ 1 ^ + Bi 
E 2 

• ^ = Bi^-\-Bi-{Ri^ B i) __ Rf ^ Ri 
*• E2 JSgi + {i?g + ^2) ^ Rf 

Exp. 6. To measure the E.M.F. of a cell by the condenser 
method.— A condenser of capacity 0 is charged by the cell of 
E.M.F. El, then discharged through a ballistic galvanometer, and 
the first swing dj is noted. This is repeated with a cell of known 
E.M.F., Ez, and the-first swing dg is observed j clearly 

diQc Charge in Case 1 oc GEi, 
dg oc Charge in Case 2 oc GE 2 , 
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236, Tlie Crompton Potentiometer. — ^This is an ex- 
cellent type of potentiometer for accurate work and is 
skown diagrammatically in Fig. 413. It consists of a 
wire divided into fifteen segments of equal resistance 
(about 2 okms) ; fourteen of these are formed into coils, 
their ends being connected to the numbered studs shown 
at E on the right, the fifteenth being a stretched wire 
lying over a scale about 25 inches in length divided into 
1,000 equal parts; thus the coils are permanently pro- 



tected, and should the wire become worn or injured a new 
one may be substituted. In series with the potentiometer 
coils and wire is an adjustable resistance ; this is shown at 
0 and on the left, and is for the purpose of altering 
the P.D. at the ends of the fifteen segments so as to 
secure a balance with the standard cell in circuit; it 
corresponds to X. and the back two wires of Fig. 408. G 
is the sliding contact, provided with a spring contact and 
micrometer adjustment for refined tests. 

The accumulator is connected to the terminals J., the 
galvanometer to terminals jB, the standard cell to ter- 
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minais 1, any unknown B.M.F.’s to tlio terminals 2, 3,4, 5, 
and 6, and the double contact switch at the centre enables 
any of these E.M.F/s to be put into the galvanometer 
circuit. The reader should carefully examine these connec- 
tions and compai'e them with those of Fig. 408. 

Working with one aoonraulator it is customary to standardise 
the instrument so that the total P.D. at the ends of the potentio- 
meter coils and wire is volts. To secure this, the revolving arm 
at B is placed on stud 14, and the sliding contact G at division 3 10 
on the scale ; the centre switch is now set on 1, thus bringing the 
standard cell into the galvanometer circuit, and the resistances in 
series with the coils and wire are adjusted till the galvanometer is 
not deflected. Clearly the P. D. for each coil ..and for the wire is 
now 1*434/14*34 or *1 volt, and the P.D. for each of the 1,000 divi- 
sions is *0001 volt. 

The E.M.F. to be measured is now brought into the galvano- 
meter circuit by moving the centre switch to the corresponding 
studs. With G on the extreme right, the revolving arm at iiJ is 
adjusted till two successive contacts give deflections in opposite 
directions ; M is now placed on the stud of lower value and C 
adjusted for no deflection. If this condition is realised with the 
arm W on stud 10 and the slider 0 on division 646, the E.M.F. 
under test is 

{(10 X *1) + (646 X *0001)} volts, 
i.e. 1*0646 volts. 

237. Determination of tlie Capacity of a Con- 
denser. — Before proceeding with this section the student 
should again read the capacity and specific inductive 
capacity determinations dealt with in Electrostatics (Chap- 
ter YIII.). The capacity of a condenser in electromagnetic 
units may he measured by the following metliod ; — 

Dxp. The condenser is charged to a definite difference of 
potential, F, then discharged through a ballistic galvanometer and 
the throw of the galvanometer needle noted. The same difference 
of potential, F, or, as this is generally too great, a known fraction 
of F is then applied so as to give a steady current through the 
galvanometer. The steady deflection thus produced is noted and 
compared with the throw due to the discharge. The capacity of 
the condenser can then be calculated from the constants involved 
by the conditions of the experiment. 

In practice the condenser may be connected as shown at G in 
Fig. 414, so that by connecting the points a, Z>, it may be charged 
up to the difference of potential between the points A, B, on the 
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external circuit of a constant low resistance battery, and by con- 
necting a, c, it may be discharged through the galvanometer Q, 
If a be the first angular throw of the needle, corrected for damping, 
we have ' 


That is, 



BT a 
ttG' 


H Ta 
G ’ 2^ 


'n 

VQ^ 


where V is the difference of poten- 
tial between ^ and J5. 

To determine the value of Hj VG 
here, let the points c, be con- 
nected so that a steady current 
passes from A to D through the 
galvanometer, and let 5 denote the 
permanent angular deflection of 
the needle. Then the current % is 
given approximately by . 



a. 



But if 5, the resistance of the galvanometer branch, is very large 
compared with r, the resistance between A and D, we have i = v/§, 
where v denotes the initial difference of potential between A and D, 
Also, if i?, the resistance between D and jB, is large compared with 
r, then 




r V 
+ r ‘ 


That is, 


- ^ K 


H 

GV'' 


r S 6? ' GV • {M 4- r) S5^ 
Substituting this value in the result obtained above we get 

(i ^ ^ 

27r {R A- r)S5 2iir {E + r)^Sd2 

where dj and are linear deflections on the galvanometer scale, dj 
being corrected for damping. 

This result is suflioientiy accurate when r is small compared with 
E and jS', but for exact calculation we have 

where E is the eleotromotive force and B the internal resistance of 
the battery, and 


‘ pAB A 


where p = 
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The exact relation between v and F, assuming E to be constant, can 
thus be obtained, and the value of 0 deduced as above. 

' 238. 'Comparison of Capacities. — The capacities of 
two condensers may be readily compared by means of a 
ballistic galvanometer. 

Exp. 1. To compare, two capacities hy a ballistic galvavometer , — 
Charge tlie first condenser by a battery of constant I<1A1.F. and 
then discharge through the galvanometer. Repeat with the second 
condenser. If Gi and be the capacities and and the first 
swings corrected for damping, the quantities discharged are ECi 
and EO<i^ and 


The accuracy of the result by the above method evi- 
dently depends on the accuracy of observation of the 
deflections — and experiment shows that the errors attend- 
ing this observation may be considerable. It is found 
that much more accurate results may in all cases be 
obtained by null or zero methods, in which the measure- 
ment depends upon adjusting for no deflection of the 
galvanometer. Two of the best known null methods for 
comparing capacities are given below. 

Exp. 2. To compare two capacities by the Wheatstone Bridge 
or De Sautys method. — In Fig. 415 is the condenser whose 

capacity Gi is required, and 
g . ^2 a standard condenser of 

I capacity O 2 . The resistances 

adjusted until, 

1 i making contact at a and 

D charging the condensers, the 

1/ J galvanometer is not deflec- 

I e I ted. When this is so, the 

J*<fi potentials at B and C are 

i equal, and since D is a com- 

— — |j III) 0 mon point, the P.D. on the 

' ^ * a b| condenser is the same as 

e that on the condenser 

Fig. 415. If r be this P.D., Q, the 

, charge on and g, the 
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passed through Ri and Q 2 through in the same short 
interval of time, and since the current divides inverselp as the re- 
sistance, <2i : ^^2 = ^3 : i^i ; 

" si 

The condensers are discharged by moving the key to the contact K 

Exp, 3. To compare two capacities hy the method of mixtures 
or Kelvin^ s method, — The principle of this method is shown in Fig. 
416. The condenser G is charged to the difference of potential 
between A and B, and the condenser S to the difference of potential 
between B and 0. By 

adjusting the resistances C 5 

B and Q these two diffe- | | | | 

renoes of potential can I I ^ I I 

be made to have the ® ^ ® 

inverse ratio of ^the 

capacities. When this 

adjustment is made we 

have A — P i \ 0 1-4-*^ 

bFo 0 

or 

.FB.a=BFc.^, J 

that is, the condensers ' 

possess equal charges^ Fig. 416, 7 

and since. 


we evidently have for this adjustment 
G Q 


|ofALl 

fex 


\ 7^\1 

I 

' 7 0/1 




In order to test the equality of the charges the condensers after 
charging must first have their oppositely charged plates connected, 
so that the two charges are “mixed” and tend to neutralise. 
Then immediately this “mixing” is effected the combined con- 
densers are discharged through a galvanometer. If the charges 
before “mixing” were equal the final charge after mixing will 
be zero, and there will then be no deflection of the galvanometer. 
I’he operations therefore consist of charging, mixing, and dis- 
charging through the galvanometer, and P and Q are adjusted 
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until the galvanometer shows no deflection. When this adjustment 
is made we have 


where jS is the capacity of the standard condenser. 

Fig. 417 shows diagrammatically the connections for performing 
the three operations of the method in rapid sequence* By pressing 


the Ki keys charging is effected ; the iTj keys, when closed, 
arrange the “mixing,” and on pressing the condensers O and S 
as one combined condenser are discharged through the galvano- 
meter G. By using a Fohl’s commutator without the cross wires 
the Ki and K 2 contacts shovm in the diagram between the con- 
densers can each be effected at one operation. 

In these tests keys, etc., should he well insulated and 
resistances non-inductive. The determination of capacity 
by oscillations ” is referred to in Art, 313. 


1 


i f) } 

r £ 

J 1 

1 . V r 
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238av Betermmatioii of Cable Faults.-— Three cable 
faults will be briefly dealt with, viz. (1) a breakdowu in 
the insulating covering only, the conductor remaining 
intact, (2) a complete breakdown in both conductor and 
insulating covering, (3) a breakdown in the conductor, the 
insulating covering remaining intact. 

Test for No. 1. Let JBD (Fig. 417a) represent the cable 
joining two distant stations X and T and in which a 
partial earth exists at Z. At Y the cable is “ looped to 



a second one AQ also running between X and T, by a con- 
ductor CD of negligible resistance. The free ends of the 
cables are connected at the test station to two adjustable 
resistances P and E ; a sensitive galvanometer G joins A 
and B through the key L, whilst the junction J is 
connected through K to the battery, the other pole of 
which is earthed. 

The arrangement is thus equivalent to a Wheatstone 
Bridge, the arms being P — P — AGBZ 2 LJid ZB. If P 
and E be now adjusted, so that on closing K and then L 
the galvanometer is not deflected, we have — • 

P __ Ees. A (J + Ees. jD.^ 

1 ” Res. ■ ■ ■ ' 

P 4* P ^ Res. AO 4 Res. DZ 4 Res. ZB 

: ■' E “ ... ■ Rea.'.J2^P ' , 


hence 





232b' BLECTRIC.AL MEAStJEEMENTS. 


Ees. ZB _ 

•",Ees..^O. -r.Ees. X)E: ; 

ie.,Res. ZB = g.— X r, ., 

1 4 " B 

where r = the resistance of the two cables in series. Thus, 
knowing the resistance per mile of the cable, the clistance 
BZ corresponding to the resistance BZ is ascertained. 

Test for No, 2. If the broken end of the cable makes a 
good “earth” the free end is joined to terminal D of the 
Post Office Box (Pig. 895) and terminal 0 is earthed. 
Since G and the broken end of the cable are both earthed 
(zero potential) they are, from an electrical point of view, 
virtually connected, so that the cable conductor from the 
free end to the break takes the part of 8 in P'^ig. 308, 
The resistance is therefore measured and the distance 
ascertained in the usual way. 

Test for No. 3. The insulation resistance E from the free 
end to the break is measured (Art. 230) and tlie distance I 
found from the relation of Art. 159. The capacity C 
from the free end to the break is also measured (Art. 127, 
Exp. 3) and the distance I found from the relation of 
Art. 113. (Por exact details see Technical Mlectricity) , 

It may be mentioned in passing that since resistance is 
dehned as the ratio of P.D. to current, several practical 
resistance tests may be performed by the combined use of 
a suitable ammeter and voltmeter. The /wi^ resistance of a 
glow lamp, for example, may be determined by inserting 
an ammeter in series with the lamp and a voltmeter across 
the lamp terminals. If I be the ammeter reading, F the 
voltmeter reading, and the resistance of the voltmeter 
under these conditions, the current taken by the voltmeter 
is F/JS, and, therefore, the current in the lamp is I — F/jB ; 
hence 

Ees. of lamp = V-P- at its terminals _ Y 

Ourreat ia it j Y' 

It 

For a description of various “commercial” testing in- 
struments the student should refer to Technical Electricity. 
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Exercises XY2. 

(1) Describe some method of determining aeonrately the specific 

resistance of an electrolyte. (B.E. Hons.) 

(2) Explain and prove Mance’s method for the determination of 
the internal resistance of a galvanic battery, and find an expres- 
sion for the value of the current through the galvanometer. 

(Inter. B.Sc. Hons.) 

(3) Describe carefully how you would use a potentiometer for 

measuring currents. How would you adapt it for use with large 
and small currents respectively ? (B.Sc.) 

(4) Describe the best method you know for determining the 

internal resistance of a battery. (B.Sc.) 

(5) A Wheatstone Bridge is employed for the measurement of 
the resistance of a wire. Discuss the best arrangement of the con- 
ductors in order to secure the greatest sensibility, and show how to 
determine the current in the galvanometer in terms of the several 
resistances when the bridge is not balanced. 

State KirchhofTs laws for a system of linear conductors. (D.So.) 



CHAPTER XVII, 


ELECTEOMAaNETIO IHDUGTIOF. 

239. rundamental Experiments. Laws of Elec- 
tromagnetic Induction. — In 1831 Earadaj described 
experiments whereby he clearly established the fact that 
whenever the flow of induction or number of tubes 
of magnetic induction through a circuit is changed 
an E.M.r. is developed in the circuit, such EAl.F. 
lasting only while the change is talcing place; electro- 
motive forces and currents produced in this way are 
spoken of as induced electromotive forces and currents 
respectively. 

The magnetic induction or flux through a circuit may 
be changed by various means, e,g. by moving a magnet 
in the vicinity, by changing the current in a neighbour- 
ing circuit or by relative motion of the two circuits, by 
changing a current in the circuit itself, or by suitably 
moving the circuit in a magnetic field. 

Exp.*l. Motion of a magnet, -^Connect the coil {Fig. 418) to a 
sensitive galvanometer some distance away. Include a Leclanch^ 
cell and a resistance in the circuit and note the direction in which 
the galvanometer is deflected *, let it be (say) to the rigid. While this 
current is flowing, test the polarity of the face of the coil towards 
the left^f let it be (say) a nor th face. Hence we know that with 
the present connections a deflection to the right indicates that the 
current in the coil is making the face towards the left a north, and 
is, therefore, counter-clockwise viewed from this side, Evidently 
a deflection to the left will indicate that the face on the left is a 
south face and the current clockwise. Remove the cell and the 
resisiance. 


‘334 
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Quickly insert the north pole of a magnet (Fig 
vanometer will be deaeoted, showing that a curren 
the coil : note the direction of dehection, 
which in this case will be to the right. 

Hold the magnet in the coil and the C 

galvanometer will come to rest, showing ^ 

that^ the indticed current is momentary^ 
lusting only whtle the TtwLgnet is moving. 

Quickly withdraw the north pole, and a i 


Magnet approotchiny Coil 


Motion of Magnet. 

Direction of 
Deflection. 

Induced Current 
makes near Face a 

N. pole inserted 

Right 

North 

N. pole withdrawn 

Left 

South 

S. pole inserted 

Left 

1 South 

S. pole withdrawn 

Right 

1 k./w UL UJIJ, 

North 
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tlie same direction as those being removed, tending, 
therefore, to oppose and cancel the decrease due to the 
withdrawal of the magnet. 

Again, by moving the magnet (1) quickly, (2) slowly, 
it will be found that the deflection is more pronounced in 
the first case ; we may, therefore, infer that the induced 
B.M.r. and current depend upon the rate of change 
of the flux, being greater the more rapid the change ; 
the induced current also depends, of course, upon the 
resistance (see below). 

Exp. 2. Action of a neighbouring circuit {mutual inductionf - — 
In Fig. 419 AB diagrammaticaily represents a coil of wire joined to 
a galvanometer ; it is referred to as the eecondary circuiL CD 
represents a coil in series with a battery and key ; it is referred to 
as the 'primary circuit. 

Now start a current in the primary in the direction 0 to D and a 
momentary deflection of the galvanometer 
will ensue, showing that a current is induced 
in the secondary in the direotion B to A, i.e. 
opposite or inverse to the primary current; 
it should be noted that starting a current in 
the primary means mcreasiug the flux in 
the secondary, for the flux in the primary 
naturally reaches over to the secondary circuit. 

Switch off the primary current, and a mo- 
mentary deflection of the galvanometer will 
Mlow, indicating a secondary current in the 
direotion A to B, i.e. in the same direction 
as, or direct to, the primary current, and it 
should be noted that stopping the primary 
current means decreasing the flux in the secondary. 

Similarly, increasm^ the primary current or momng it nearer to 
the secondary circuit results in an inverse current ; decreasing the 
primary current or moving it away from the secondary circuit 
results in a direct current. 

From the preceding we arrive at another important law, 
viz. An increase in the flux results in an induced in- 
verse current, whilst a decrease in the flux results 
in an induced direct current (Increase — Inverse : De- 
crease — Direct) This is quite in agreement with Lenz's 
Law, e.g. if the primary current flows from 0 to D and 
the primary is moved nearer the secondary, the induced 
secondary current flows from B to A; these two parallel 
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currents, being in opposite directions, repel eacb other, 
so that the tendency is to drive the primary back again. 
Further, by considering the flux as before, it will be clear 
that the flux due to the induced current is always such 
as to oppose the change in the flux due to the primary. 
It should also be noted that not only does the primary 
act upon the secondary, but that the secondary reacts upon 
the primary; hence these effects are known as mutual 
induction, ■ . 

Exp. 3. Current changes in the circuit itself {self-induction).-^ 
In Fig. 420 PQ is a solenoid, B a battery, G a galvanometer, and K 
a key arranged as indicated. Close K, and when the deflection is 
steady place a stop against the needle 
at n'. Open K. On again closing K 
the needle will be momentarily deflected 
beyond its fixed position. This indi* 
cates that at the moment of starting 
the current in the circuit the galvano- 
meter curreht is greater than the nor- 
mal, due to the fact that there is a 
momentary induced pressure in the 
solenoid in the direction Q to op- 
posite to the current, which retards the 
growth of the current there, and there- 
fore increases the portion through O. 

Open J? and place a stop against the 
needle in its normal position, i.e. at w. 

Close K. On opening K the needle 
will be momentarily deflected in the opposite direction. This in- 
dicates that when the current is stopped there is a momentary 
induced current in the solenoid in the same direction as the original 
current, ».c. from P to which, therefore, passes through G in the 
opposite direction, F to X. This induced current, at break, in the 
same direction as the original one, is called the “ extra current^ 

Thus from the above and modified experiments we learn 
that when a. current is started in a circuit, or when an 
existing current is increased {^xxx increasing), 2^x1 opposing 
or inverse B.M.F, is induced which retards the growth of 
the current, when a current in a circuit is stopped or 
reduced (flux decreasing) a direct current is induced, Le. 
one in the same direction as the original. It is this latter 

extra current” which frequently gives rise to a ‘‘spark 
at break.” It will be further noted that these results are 
^ , ' 4O' ' 
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andtlie maajimtm values oftheiuducedE.M.F.; the average 
E.M.P. maj be simply found as follows Imagine the coil 
to rotate through 90^ from the position AB to the position 
BF. The flux through the coil changes from 8AE to 
zero; hence the change in the flux in a quarter turn is 
BAH, The quantity of electricity set in motion is there- 
fore BAH/E ; hence in one complete revolution the quantity 
circulated will he ^BAHjE, and if the coil makes n revolu- 
tions per second the quantity per second will be A^nBAEjE, 
Since, however, quantity is equal to average current multi- 
plied by time in seconds, we arrive at the result 


Average current 
and Average E.M.F. 


4mBAH 
" E 

= 4,nSAJB[ 


( 5 ) 


From (4) and (5) it follows that the average E.M.F. ami 
*637 of tho maximum E.M.F. and 


current are 2/7r, i,e, 
current. 


Exp. To determim the angle of dip hy induced currentB . — Set up 
a coil as above, with its plane at right angles to the meridian, and 
put in series with it a ballistic galvanometer. Quickly rotate the 
coil through 180® about a vertical axis, and note the throw of Uie 
galvanometer. If ^ be the horizontal component, the change in 
the effective flux is 28 AH and the quantity induced is 28AHIR^f 
hence 

Now arrange the coil in a horizontal position with the axis of 
rotation in the meridian, again turn through 180® and let 0., be the 
throw of the galvanometer ; if V be the vertical component, it is 
clear that the quantity induced in this case is 2*8\4 VjR ; hence 

28AV ^ . 

• QC Vo, 


R 


e.. 


where D is the angle of dip. A coll properly mounted and arranged 
for this and similar work is called an eartk inductor. 


242, Measurement of Magnetic Fields. Standard 
Inductors.“-Iii measuring the intensity of a field of mag- 
netic force or induction the usual practice is to determine 
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tie quantity of electricity set in motion in a suitable test coil 
or inductor, by suddenly removing it from tie field or by 
rotating it through 180° in tie field, as described in tin 
case of the earth inductor. The test coil is connected in 
circuit with a ballistic galvanometer, and by noting the 
throw of til© galvanoineter Beedle uiidor definite! j arranged 
conditions both comparative and absolute measurements 
of induction may be made. The comparison of V and M 
for the determination of the dip, as given in Art. 241, is 
a simple example of this method of comparison. 

If, however, we wish to compare two magnetic fields of 
very different intensities a different method has to be 
adopted. In comparing, for example, the horizontal com- 
ponent of the earth^s field with the field between the poles 
of a strong electromagnet it is necessary to use a different 
inductor for each field, and the comparison therefore in- 
volves the constants of the inductors. The effective area 
of the inductor for the strong field may be small, but the 
effective area of the earth inductor must be large on account 
of the low intensity of the field. The general method is 
indicated in the experiments below. 

It should be again^ noted, however, that these induction experi- 
ments relate to the iTiduction in the field, and not to the magnetic 
force direotly.^ If, however, the observations are made in the same 
medium, and if the permeability of the medium does not vary with 
the intensity of the magnetic field, then the induction at any point 
is directly proportional to the magnetic field at that point, and the 
ratio of any two induction values therefore determines the ratio of 
the corresponding field, intensities. That is, if = /c, then, 
A ~ jf -^1 s-^d where p. is a constant, we have 

^ or H 1 IH 2 = The value of p for air is taken as 
unity and is»practieally constant. 

Bxp. To determine the strength of the field between the poles of an 
electromagnet, using a standard earth mdtic^or.— Place a small test 
coil (consisting of a turns each of area a) in series with a ballistic 
galvanometer and an earth inductor (consisting of 8 turns each of 
area Jl). Set the earth inductor at right angles to the meridian, 
quickly rotate it through 180® about a vertical axis, and let di be 
the throw of the galvanometer. As before, we have 2SAHIR or di, 
where R is the resistance of the circuit and H the horizontal com- 
ponent of the earth’s field. 

Place the test coil in the field {F) to be measured, with its plane 
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at ri-ht angles to the field. Quickly witl.draw it from the IwM 
and Tet fL the throw of the galvanometer, i he oflectne flux w 
mF and as this is reduced to zero when the cml la witliilrawn, the 
« is ^FIR ; hence sa/’/A’ a d. Thus we have 

2SA Tf I naF ^ dy 

’'"IT I R d% 


2SA II . 
$aF 




• A = 

sa di 

As H is known, F is therefore detemined ; tlie earth 
inductor used iu this experiment tuaj be looked ujmju as 
a standard earth inductor, serving to stiindardise the 
observations token with the small inductor acting as a 

test coil in the unknown field. , , , , 

Another inductor, known as the standard solenoidal 
inductor, makes use of the uniform field in the interior 
of a long solenoid as a standard. If I denote the curreiit 
in absolute units, the field in the interior of the coil is 
given by 4ini,I, where n is the number of turns per imii 
Imqth of the coil. The inductor for use with this field 
usually consists of a few turns of thin and well insulated 
wire wound round the outside ot the solenoid near its 
middle point. The induction throw is obtained by re- 
versing the current in the solenoid. If a' denote the 
number of turns and area of the inductor respectively, 
and I the current in absolute units, then, on reversing 
the current, the change in the flow of induction through 
the inductor coil is 2 (4ir?iI)M'a', i.e. Q/irnhi'a', and the 
quantity of electricity set in motion is wlioro 

B is the resistance of the circuit in which the inductor 
is placed. If I is measured accurately by means of an 
ammeter in the solenoid circuit, this inductor may be used 
for standardising the observations of a test indiietor 
placed in the same circuit with it. 

Exp. To determine (ke strength of thefdd hetween the poles of 
an electromagnet, using a standard solenoidal mluetor.— The arrange- 
ment is indicated in Fig. 424. Start the current in the circuit, 
and when the balUstic galvanometer (B&) is quite steady leverse 
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th© current by means of the key K and note the throw of 1 
listic galvanometer. If this be dj, then 


TEST 


Place the test coil in the field as 
in the previous experiment, withdraw 
it, and let be the galvanometer 
throw ; then 


“TT'^ ®3* 

Mi- 


Thus we have 


$aJ I Swnin'a' __ dg 
Rl R ■~d7 

• P = ^2 

sa ‘ d{ 



An excellent standard for la- [ ^ \ 

boratorj purposes is that known 
as Hihhert’s Magnetic Flux Pig. 424. 

Standard. It consists (Fig. 425) 

of a block of hard steel provided with a cylindrical groove, 
and magnetised as indicated. A brass cylinder B carries 
a coil 0; it can be lowered into the groove, 
X^g the coil thereby cutting the tubes due to the 
^ magnet, in consequence of which an induced 

charge circulates in the coil. The flux is 
I : determined at the outset by comparison with 

“T (say) a solenoidal standard. 

SU N US 

Professor Rowland’s method of finding the distrb 

PiF 425 bution of magnetism along a bar magnet may now 

' be briefly mentioned (see Exp. 7, p. 111). A coil 

embraces the magnet and is connected to a ballistic 
galvanbmeteY ; it is moved rapidly from point to point along the 
magnet and the first swings are noted. A curve with distances 
along the magnet as abscissae and first swings as ordinates is the 
distribution curve for the magnet. 


243. Betenniiiatioii of the Constant of a Ballistic 
Galvanometer. — A standard inductor may be used for 
determining the constant of a ballistic galvanometer. 
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iNinifTifm. 


at right angles to the aehl. Qniokly witi..<ir;rA ,( from t.i». 
and fet d. to the throw of the galvunmmilor. I u- .'ttcm n r Ihix la 
saf and,* as this is rediici-d tor.i-ro whim the 'f'll m Mitl.di.ni ii, tiiu 
induced Quantity k sar/U ; licncc «/■'//.' x d,. i Ims wc li,u« 


or 


2SA II h>iF 

~r“/ '¥ 

2SA // 

. ■ . mF 


' it 

■“ d: 

4 


H. 


As E ia known, ¥ is therefore iletoriii{iio<| ; Ihe earth 

inductor used iu tliis experiment mat t'o lo-.l-cd iip.in ;i,s 
a standard earth inductor, wirvintt fo siamiardiMi the 
observations taken with the Hmall uiductur actim^' an a 
test coil in the unknown field. 

Another inductor, known as t lie standard aolenoidal 
indnetor, makes use of the uiiifonn licld in the intm-ior 
of a long solenoid as a standard. If / denote the current 
in absolute units, the field iu the inlcrior of the coil is 
given bv 4w»I, where a is the number of turns yer unit 
length of the coil. The inductor for use with tliis field 
usually consists of a few turns of thin and well insulated 
wire wound round the outshie of the solenoid near its 
middle point. The induction throw is obtained by re- 
versing the current in the solenoid. It n', a' denote the 
number of turns and area of tlie inductor respectively, 
and I tbe current in absolute units, then, on reversing 
the current, the change in the flow of imluelion through 
the inductor coil is 2 {4fTnI)nW, i.e. Smihi'a', and the 
quantity of electricity set in motion is BmiJH'u'ili, where 
B is the resistance of the circuit in whii’h the inductor 
is placed. If I is measured accuiutely by meuns of an 
ammeter in the solenoid circuit, this inductor may be used 
for standardising the observations of a test inductor 
placed in the same circuit with it. 


ARxp. ATo (Uiermine the Mremjth of iMftid ytu’renjht. of 
an electromagnet^ wing a standard Hoknoidai iwlwdftr.— Hits iii, riiiige- 
ment is. indicated, in -Fig. 424. Btart the oiimtnl in Ihit oirijuit, 
and when the ballistic galvanometer iB&} i» qniie stewly le verse 
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the ourrent by means of the key K and note the throw of the bai- 
listio galvanometer. If this be dj, then 

— 

Place the test coil in the field as 
in the previous experiment, withdraw 
it, and let rig be the galvanometer 
throw ; then 


Thus we have 

saF i %TrnIn*a! _ 

R I R d7 
• JP = ^vnln'a* d.^ 
sa * d{ 

An excellent standard for la- 
boratory purposes is that known 
as Hibbert’s Magnetic Flux Pig. 424 . 

Standard. It consists (Fig. 425) 

of a block of bard steel provided witb a cylindrical groove, 
and magnetised as indicated. A brass cylinder B carries 
a coil G ; it can be lowered into the groove, 
the coil thereby cutting the tubes due to the 
magnet, in consequence of which an induced 
charge circulates in the coil. The flux is 
determined at the outset by comparison with 
(say) a solenoidal standard. 

Professor Rowland’s method of finding the distri- 
bution of magnetism along a bar magnet may now 
be briefly mentioned (see Exp. 7, p. 111). A coil 
embraces the magnet and is connected to a ballistic 
galvanometer; it is moved rapidly from point to point along the 
magnet and the first swings are noted. A curve with distances 
along the magnet as abscissae and first swings as ordinates is the 
distribution curve for the magnet. 

' 243. ..Betermiiiation of the'Constant.of. a' Ballistic 
0alvaacmeter. — A standard inductor may be used for 
determining the constant of a ballistic galvanometer. 



Pig. 425. 


TESl 
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at ric^ht angles to the held. Quickly witlidraw it from the held 
and Fet d. be the throw of the galvanometer. The cf?ectjv« liux m 
saF and, as this is reduced to zero when the coil is witluirawo, the 
induced quantity is saFjR ; hence saFjR a do. Thus we iuive 

2SA 11 IsaF „ dj 

R I R dg 
2SA H __ di 

^ saF 

sa di 

As H is known, JF is tliereforo determined : the earth 
inductor used in this experiment may be loolced upon as 
a standard earth inductor, serving to standardise tiie 
observations taken with the small inductor acting as a 
test coil in the unknown field. 

Another inductor, known as the standard solenoidal 
inductor, makes use of the uniform field in the interior 
of a long solenoid as a standard. If I denote the current 
in absolute units, the field in the interior of the coil is 
given by where n is the number of turns per unit 

length of the coil. The inductor for use with this field 
usually consists of a few turns of thin and w^eli insulated 
wire wound round the outside of the solenoid near its 
middle point. The induction throw is obtained by re- 
versing the current in the solenoid. If n\ a’ denote tlie 
number of turns and area of the inductor respectively, 
and I the current in absolute units, then, on reversing 
the current, the change in the flow of induction through 
the inductor coil is 2 (4^nl)n'a\ i.e. STrnhi!a\ and the 
quantity of electricity set in motion is S7rnIn/a/IE, ^vliere 
E is the resistance of the circuit in which the inductor 
is placed. If I is measured accurately by means - )f an 
ammeter in the solenoid circuit, this inductor may be used 
for standardising the observations of a test incluctor 
placed in the same ciremt with it, 

£xp. To determine the strength of the feld hetween the poles of 
an electromagnet y using a standard solenoidal inductor . — The arrauge- 
ment is indicated in Fig. 424. Start the current in the circuit, 
and when the ballistic galvanometer {BG) is quite steady leverse 
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the current by means of the key K and note the throw of 
listio galvanometer. If this be dj, then 
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the bai* 


STrnln'a' 
It 


Qc d%. 


Place the test coil in the held as 
in the previous experiment, withdraw 
it, and let d 2 be the galvanometer 
throw ; then 


::(D 

BG 


Thus we have 


BaW I STuIn'a* 
HI H 


d/2 

Birnlri'a* d-i 
sa ’ d{ 



An excellent standard for la- 
boratory purposes is that known 
as Hibbert's Magnetic Plnx 
Standard. It consists (Fig. 425) 
of a block of hard steel provided with a cylindrical groove, 
and magnetised as indicated. A brass cylinder B carries 
a coil 0; it can be lowered into the groove, 
the coil thereby cutting the tubes due to the 
magnet, in consequence of which an induced 
charge circulates in the coil. The flux is 
determined at the outset by comparison witb 
(say) a solenoidal standard. 

Professor Rowland’s method of finding the distri- 
bution of magnetism along a bar magnet may now 
be briefly mentioned (see Exp. 7, p. 111). A coil 
embraces the magnet and is connected to a ballistic 
galvanometeY ; it is moved rapidly from point to point along the 
magnet and the first swings are noted. A curve with distances 
along the magnet as abscissae and first swings as ordinates is the 
distribution curve for the magnet. 

243. Betermmation of the Constant of a Ballistic 
C-alvanometer. — A standard inductor may be used for 
determining the constant of a ballistic galvanometer. 




B 


c 
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Fig. 425. 


248 


iJtiEdT&oMAaiTiSTid ii^t>trcTloM, 



To ■ determine the cmstant of a ballistic gat'^anometef^ 
using the standard solenoidal inductor. — The arrangement is in- 
dicated ^26» where BG is the ballistic galvanometer under 

test. Switch on the current, and 
when BG is quite steady reverse the 
/ a V current by means of the key K : let 

viz ^ a be the first angular swing. Assum- 

\ ing a galvanometer of the moving 

needle type, if Q be the quantity dis- 
|_I^^ charged- 


where h is the constant required, 
But (Art. 242) 

Brtiln'a' 


Bimhila* 


Svnln'a' 


or, taking sin ~ , where d = scale deflection and D = dis- 

tance between needle and scale, and neglecting damping — 

I. _ Z2xnIn'a'D 


K an earth inductor be used as the standard we get 

^_28AH HT . a ,d 

Q and Q = _ sin - = A— , 


i.e. k=. 

Bd 

Another method of finding the constant of a ballistic 
galvanometer consists in charging a condenser of known 
capacity (0) by means of a oeU of known E.M.I', (J?), 
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and then jdischarging through the galvanometer. The 


Q = k 


Jl 

4lD' 


hence h is determined. 
the units employed. 


d 

In this care must be taken with 


IllTistratioas.~-Amongst other impor- 
m^ntioned mduotive effects the following may be briefly 

(1) Faradafs Disc and Barlow^s Wheel-^A circular disc of copper 
IS fixed ^as to rotate round a central axis at right angles to its 
plane. If its plane be at right angles to the lines of force in a 
magnetic field, and a metal spring be made to press lightly on its 
edge, a continuous current will be found to flow between the 
spring and the centre of the wheel on making connection between 
the metal axis of the wheel. The actual direction of 
tne depends on the direction of rotation and of the field, 

and is determined by the right hand rule (Art. 239). 

Consider an infinitely thin radial strip of the disc passing from 
tile centre to the spring. As this strip rotates through a small 
angle ^ the area swept out is where r is the radius of the disc 
?r ® oircular measure j the number of tubes cut is, therefore, 
M, where M is the intensity of the field. If the disc makes n 
revolutions per second, the time taken to turn through 0 is ei2wn 
change or rate of cutting tubes is 
{^6r H)l{dl2Trn) = irnr^H ; this measures the P.D. between the 
centre and circumference. 


(2) Arago 8 Mxperiment.-^A disc of copper is made to rotate in a 
horizontal plane immediately below a delicately balanced magnetic 
needle, the axis of rotation of the disc being vertically below the 
pivot of the needle. As the disc rotates it is found that the needle 
IS gradually deflected in the same direction as the rotation, and, if 
the rate of rotation is sufficiently high, finally takes up a motion of 
rotation m the same sense as the disc, but at a slower rate. This 
result IS explained by the fact that currents are induced in the 
copper disc by its rotation relative to the magnet, and the reaction 
between the disc and the needle is (in accordance with Lenz*s Law) 
such as to tend to stop the motion of the disc, but the needle being 
movable and not fixed the result of this reaction is that the needle 
IS Itself set in motion. The direction of the induced current in the 
dpo IS such that a current always flows along the diameter of the 
disc vertically below the needle in such a direction as to deflect 
the needle in the same direction as the rotation of the disc. 
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(3) If a raagnetio needle be oauaed to osoillate and a sheet of 
Conner be then placed beneath it, the needle quick y comes to rest, 
here again, induced currents are developed in the copper which 
oppose fhe motion. The damping in the case of the moving cml 

gafvanometer is explained in the same way. 

245 . Coefficient of Self-mductica.— When a ciirrent" 
flows through a coil it produces a flow of magnetic inauc- 
tion through the coil. This flow of induction is propor- 
tionalto the current when the permeabiiitj of the sur- 
rounding medium is constant. In this case if F denotes 
the flow of induction through the coil and I the current 

in the coil, then ■ ' 

F=:LI -(Ij.. 


where L is 2 b constant. This constant is the coefficient 
of selffiinduction of the coil If I be unity, Fis numericaily 
equal to L; thus the coefficient of self-induction of 
a circuit is numerically eq.ual to the flow of in- 
duction through the circuit when unit current 
passes. Clearly a circuit has a coefficient of selfindncr 
tion of one unit if the flow of induction be unitp 

when the unit electnmagnetic current passes. The practical 
unit is* the henry, which is equal to 10® C.G.S. units ; 
thus a circuit has a coefficient of self-induction of one henry 
if the flow of induction be W when the unU electromag- 
netic current passes, and therefore 1/10 o/ 10®, i.e. W,Mhe% 
a current of one ampere passes. 

If the permeability of the surrounding medium yaries 
with the intensity of magnetisation, then L is not a con- 
stant, but yaries with the permeability of the medium 
and therefore varies with I. 

When F varies on account of the variation of I, then 
we evidently have the relation 

, that is « = - (2) 

dt .dt dt ^ ^ 

This relation shows that the induced electromotive force 
is proportional to the rate of change of current in the 
coil. The minus sign indicates that when dl/dt is positive 
the induced electromotive force, e, opposes the existing 
current. Erom (2), if dijdt be unity, e numerically equals 
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L ; heme the coefficient of self-mdxiction of a circuit 
is numerically equal to the E.M.P. round the cir- 
cuit due to unit' rate of change of the cui’rent in it. 
Clearly also a has a coefficient of self-induction of 

one 0.Q<.8. unit when a current increasing at the rate of 
one e.m, unit per second brings on an opposing BM,F, of 
one s.vn. unit, and similarly a circuit has a coefficient 
of self-induction of one henry when a current increasing at 
the rate of one ampere per second brings on an oonosina 
BM.BK of one volt. 

It will be seen later (Art. 254) that the work done in 
establishing a current I in a circuit of self-induction L 
is given by the expression 

and this supplies another definition of L, for if I be unity 
L is numerically equal to 2 IF; thus the coefficient of 
self-induction of a circuit is numerically equal to 
twice the work done in establishing the magnetic 
induction accompanying unit current in the circuit. 
The corresponding definitions of the C.Gr.S. unit and the 
henry may be readily derived. 

The three definitions of L given above lead to constant 
and equal results provided the permeability of the medium 
is constant; if the permeability is not constant the three 
values are not identical. 

The coefficient of self-induction of a circuit is frequently defined 
as measured by the linkages of the circuit when absolute unit current is 
flowing through it. This is merely another method of stating the 
first definition given above. 

246, Coefficient of Self-induction of a Solenoid. — 
In the case of a solenoid having an air core we have 

Field inside = , 

t 

where 8 is the total number of turns, I the length, and 
I the current in e.m. units. If A be the area of cross- 
section — 



Magnetic fiux = 

V 
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and H I he mity— 

Magnetic flux = . 

But eaoh turn of the soleuoid embraces these tubes ; 

hence - 4i7rS^A 

Effective flux or Linkages = — j — . 

^ 4k7rS^A 

:.L— ^ ■ 

I£ a solenoid has 200 turns, is 20 om. long, and has a oross-seo- 
tional area of 4 sq. om. 

i C.G.S. units = 

= -0001 henry. 

If instead of an air core we have one of permeability 

247 Coefficient of Self-induction for “Lead” amd 

Itetxirai ” m the case of (1) 

Parallel Wires, (2) Coaxial Cylin- 

, 11 / ■ ,T ders.— In Fig. 427 A and B are two 

'i very Iona parallel wires, in air, carrying 
d gq^al currents 1 in opposite directions, 

<- l-'-> i constituting, in fact, a **lead” and 

B -': “return”; let r denote the radii of 

. the wires and d the distance apart 

Fig. 427. (centre to centre). Considering a 

length I, the flux through the dotted 
area is and S is equal to 21 jx + 2//(d-a;) (Art 165) ; thus, 
if Z be unity — 

Tlux =2 (I +^) 

L = 2!j' ' ( J+Atx ) ® 

'= 4aog« = 4 log« (per unit length). 

If the wires we in contact (d — r) = r, and L is therefore zero. 
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The ease of two. ooncentrio cylinders (represented in practice by a 
concentric cable) is shown in Fig. 428. At external points the fields 
due to the two carrying equal currents in oppo- 
site directions are equal and opposite, and the 
. field inside {i.e, between them) is that due to the 
current / in the inner cylinder only. The field 
at a point distant r from the axis of the inner 
cylinder is therefore 2//r, and the flux through 
the dotted area, the length of which parallel to 
the cylinders is unity, is given by 


Flux = j ^ dr = 2/ 

= 2ilogg A (per unit length). 
0 / 


Hence, if I be unity- 


L =^2 logtf-— (per unit length), 
a 


the medium between the cylinders being air. 


Fig. 428. 


248. Coefficient of Mutual Induction. — If we have 
two separate circuits the variation of a current in one 
will set up an induced electromotive force in the other. 
Or, we may ‘ say that when a current exists in one there 
is a flow of induction through the other, and any variation 
of this flow of induction gives an induced electromotive 
force in that circuit. Let the two circuits be denoted by 
- J. and B and let I and F be the currents in these circuits. 
Let the flow of induction through A due to the current I 
in I? be denoted by MI\ where M is a constant involving 
the permeability of the medium. Then, as in Art. 36, 
for two magnetic shells the mutual energy of the two 
circuits is MIF Similarly, if the flow of induction through 
B due to the current I in A is denoted by Jf T, the mutual 
energy of the circuits is given by If' IT. Hence we have 
Ifir = Jf'ir or If = M, That is, the flow of induction 
through A for unit current in B is the same as the flow 
of induction through H for unit current in A. This con- 
stant M is the coefficient of mutual induction for the two 
circuitB. 

If. then, we have two circuits for which the coefficient 

/ ■ 41 
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The ease of two. ooncentrio cylinders (represented in practice by a 
concentric cable) is shown in Fig. 428. At external points the fields 
due to the two carrying equal currents in. oppo- 
site directions are equal and opposite, and the 
. field inside (^.e. between them) is that due to the 
current / in the inner cylinder only. The field 
at a point distant r from the axis of the inner 
cylinder is therefore 2//r, and the flux through 
the dotted area, the length of which parallel to 
the cylinders is unity, is given by 


BduX : 


= 2Jloge •— (per unit length); 


Hence, if / be unity— 

£r = 2 loge-A (per unit length), 
a 

the medium between the cylinders being air. 


Fig^428/' 


248. Coefficieat of Mutiial Indtiction. — If we have 
two separate circuits the variation of a current in one 
will set up an induced electromotive force in the other. 
Or, we may say that when a current exists in one there 
is a flow of induction through the other, and any variation 
of this flow of induction gives an induced electromotive 
force in that circuit. Let the two circuits be denoted by 
. J. and .B and let J and T be the currents in these circuits. 
Let the flow of induction through A due to the current T 
in .B be denoted by J/J, where Jf is a constant involving 
the permeability of the medium. Then, as in Art. 36, 
for two magnetic shells the mutual energy of the two 
circuits is Mil' Similarly, if the flow of induction through 
B due to the current J in A is denoted by IfT, the mutual 
energy of the circuits is given hj M'lT, Hence we have 
Mil ^M'II[ or Jf = M'.^ That is, the flow of induction 
through A for unit current in B is the same as the flow 
of induction through B for unit current in A. This con- 
stant M is the coefficient of mutual induction for the two 
circuits. 

If, then, we have two circuits for which the coefficient 
, M. AND IS. 41 
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of mutual induction is M‘,and if Fbe ilieflow of mduction 
through one for current I in tlie otber— 

*• ~di' 


i.e. 




the other! cleariv the coefficient 0/ mutual inmimon offi 
two circuits is one G.G.8, unit if the Jiow of induction 
through one is unity when the unit electromagnetic current, 
passes in the other; clearly also the coefficient of mutual 
induction is one henry if the flow of induction .fhrough one 
is 10® when one ampere passes in the other. 

Again, from (2) the coefficient of muttial induction 
of two circuits is numerically e<|ual to the E.M.F. 
round one circuit due to unit rate of change of the 
current in the other; clearly it will he one CMS, mil' 
when a current increasing in one at the rate of 'one. 'em. 
unit per second results in an induced BM.F. of one em. 
unit in the other ; it will he one henry when a current in- 
creasing in one at the rate of one ampere per second reBuUs' 
in an induced BM,F. of one volt in the other, 

Ihirther, since the mutual potential energy of two circuits 
is MIT t i.e. If, if I and f are unity we may say that the 
coefficient of mutual induction of two circuits is 
numerically equal to the mutual potential energy of 
the two circuits when unit current flows in each. 

The coefficient M is sometimes defined as measured hy the linkwjm 
in me circuit due to unit current in the other ; this is merely another 
form of the first definition given above. 

249. Coefficient of Mutual Induction of two Sole- 
noids. — We shall only deal with the case of two solenoids 
so associated that there is no magnetic leakage, Le, all the 



But 

Heuee wo liave 
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•tubes pass tbroiigh hoik circuits; the solenoidal inductor,, „ 
of ■ Fig. 424 will furnish , such ail .example. ' 

Let iSp, and! denote the total number of , turns, 
the cross-sectional area, the length, and the current in tiie, 
ease of the primary solenoid ; then 

4<Tr8JI 


Magnetic flux : 


mid if I he tmity 


Magnetic flux = 

V 

Further, if there are 8.^ turns in the secondary, 

Effective flux or Linkages =■ x ' 

(/ 

e. 

if 


If instead of an air core we have one of permeability • /i,, 
then 

4m’8p.^A. 

' ' ■ 


M: 


2SO« Growth of the Currant in a Circuit containing 
Besistanca {li) and Inductanoa (L), — Let J? denote 
the E.M.F. of the cell in the circuit. Then, during the 
variable state wlie.ii the current is rising to its full value, 
WO' have 

E~ = IE, 

dt 

or, dividing by B and tninaposing, we got 
B _j_ L cir 
E “ 11' df’ 

dl E 
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Integrating this from the lower limits, where < aiidl= 0, 
we get log.- jr 

I denoting the current at the end of the time t from the 
starting of the current. 

Tkis giTes 

EjE-I 
^ - EjU ’ 



Thatis, ' EV /- 

where I, denotes the current at the end of the time t from 
the instant o£ closing the circuit. 

In this relation E/B denotes the final value of the 
current. If we denote this by I we have 


From this it is evident that, when t is equal to LjE, 2L/i?, 
etc the ratio of the actual current to the maximum %’alue attain- 
able is given by 1 - l/s, 1 " 1/e^, 1 - ©to. That is, at the 
ends of the time LjE, 2LIR, ZLjE, etc., the current value is *6321, 
•8647, *9502, etc., of the final attainable value. The quantity LjE 

is called the ime coastoi of the oircuit. 

It is evident from the above that the current will require an 
infinite time to attain its full value, hut that, as L[E is usually 
very small, it rapidly attains a value very nearly equal to its final 
value. This is shown in Fig. 429, which gives the curve of rise of 
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a current in a oircnit, where M = 2 ohms and L = 5 % henry, and 
for which, therefore, the time constant LjM is 

2 X 109 100 

In this circuit the current rises to *6321 of its full value in *01 seo., 
to *8647 of its full value in *02 sec., to *9502 of its full value in *03 
sec., and so on, evidently attaining practically its full value in a 
small fraction of a second. ^ 

It will readily be understood that when L m great and M 
relatively small the time constant of the circuit will _ be large, and 
the ciiiTcnt may take a considerable time to establish itself. On 



Fig. 429. 


the other hand, when JS is small compared with M the current rises 
very quickly. In all circuits where iron cores exist L^will neces- 
sarily be large, and if these circuits are required to re.spond quickly 
to the make and break of a current it is evident that, in order to 
keep the ratio L/E small, E must be .as" large _ as possible con- 
eistently with obtaining a sufficiently strong working current. 

2S1. Becay of tlie Current im a-Cirouit coataiaiag 
Resistance {M) and Inductance (i^)« — -Wlien tlie cir- 
cuit is broken tlie E.M.F. of the cell (E) disappears from 
the relation given above, and we get : 
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or 


at 

dl 

1 = - 



■ Hence, if I be the value of 'tbe current at tbe instant of 
breaking circuit, tben the current, I, at a time I after wards 
is given bj 


Here it is evident that in times L/B, 2L/jK, ^L/R, etc. , from the 
break of the oiroiiit, the current falls to l/e, l/e% i/e^ elo., of its 
initial value, that is, to *3679, *1353, *0498, etc., of the initial value. 

The dotted curve of Fig, 429 shows the fall of the carreot in the 
circuit for which the full line gives the curve of rise of the current. 

This investigation assumes that the circuit is broken instentane- 
ously. In practice this is not the ease. Usually the resistance of 
the circuit is increased, ^it may be rapidly, but not instantaneously 
to an infinite value, and* in most oases the resistance of the circuit 
is varied even after the metallic circuit is broken by the reduced 
resistance of the air gap along the path of the extra current spark 
at the break of the circuit. 

During the rise or fall of a current I the change in the fiow of 
magnetic induction through the circuit is LI, and, hy Art. 240, 
the quantity of electricity set in motion by this change is LI JR or 
BL/B^. This is the quantity carried by the ** extra currents ; at 
make the flow of electricity is diminished by this amount, and at 
break the additional flow takes place after the circuit is broken. 
It should be noticed that this quantity is equal to that carried by 
the steady current B/R in a time LfB, the time constant of tlie 
circuit. The field energy associated with the extra current is evi- 
dently equal to ^LP, as explained in Art. 254. 


252. Tke Case of a Circuit coataining BesistaEca 
(JR) and Capacity (O). Cliargiag and Biscliarging a 
Condenser. — ^Tbis may well be treated bex*e for the aalce 
of comparison with the two preceding sections. Let an 
E.M.F. (E) be applied to a circuit of resistance (M) con- 


f., ^ • 
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fft.ining a coiid6iiser of caps^city 0, Stnd let Mt be the ^.D. 
on the condenser at any instant. At the commencement 
of the nTiarging process Bt is zero, and it gradually rises 
to the value E, its direction being, of course, opposed to 
that of the applied B.M.P. ; the charging ourrent starts 
with Us greatest value and decreases, becoming zero when 
Mt = IS. The case may be investigated after the manner 
of Art. 230, but the following modification is, perhaps, 
simpler. 

If Q, be the charge on the condenser at any instant, 
then Qt — Bfl and dQJdt — GdEJdt. If Jj be the 
current at this instant It — {B — — dQddt : hence, 

^lE, _E-E, 


•• 1 ^= 1 ?: " GE • 

But d(E-E,) = -dE„ 

*• E-E, GB 

Integrating this from the lower limits when t and 
E, = 0. 

, E - E,_ t 

log. — 


E =Ell-e 


And since 


W - Mt M 


( 2 ) 

.where I h the starting ?alue of the.'.cliargkig current. 
The expression (1) should be compared with that for 


260 ' ELBCTBOMAGN.BTIC THBUOTIOH; 

in Art. 250, and (2) with that for in Art. 251. €B is 
the time constant ; it is tho time the P.D. on the con- 
denser takes to reach (1 — 1/e), i.e, *6321 of its final 
value, and the time the current ■ takes to fall to 1/e, ie. 
‘3679 of its initial value. 

The case of the condenser discharging has already beeiv^ 
dealt with in Art. 230 ; using the notation of the present 
section it is there shown that 

^ 

JE, = Be (3) 

. T ~rM 

i-e. E = le (4) 

These expressions should be compared with that for 
It in Art. 251. It should le noted that both in ike charge 
and discharge the current starts with its maximum mlm 
and decays exponentially; it should also be noted that the 
circuit does not contain inductance (L), 


SUMMARY. 


Circuit with resistance (R) 
and Inductance (L). 

Circuit with fesistanee (R) 
and Capacity (C). 

Growth: /* = / (l - e “ T*) 

Decay: It~Le 

Time Constant = *5 

M 

Charge : Et- e{}. - e ~ 

It = /.e 

Discharge: Et = i?.« OR 

It 

' ' , It = Le 'CE , 

Time Constant = CR 


252a. The case of a Circtdt containing Resistance 
(R) Capacity (O) and Inductance (D). The essential 
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points in the case of a circuit containing iniiiictance -(L) 
and capacity (0) but no resistance (JS), and in the case of 
a circuit containing inductance (L) capacity (0) and 
resistance (M) are dealt with in Chapter .XXII. 

In the latter more general case if E be used for applied 
B.M.F.j I for current and Q for charge the instantaneous 
electromotive force equation becomes' 

+“ + §=* - 

or, since I = dQ/dt 

+i=® 

The full solution to this would occu'py too much space 
(see however Arts. 303, 304) and it may be found in any 
good work on the Calculus ; the results however may be 
quoted - 
4sL 

If — >E^ we get, for the “ charging process : — 

(J 

- 

Qi = Q I cos ( — a) (B) 

J 



where = 1 'liO, g ^ MI2L, sin a ■=: gf and Q =r final 
charge Further buicb I z=: dQ/dt^ by differentiating (3) 
*' weget: — 

= v7i-7j: 




( 4 ] 
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From; (3) it follows that the process is oscillatory, the 
charge being alternatelj greater and less than Q and^ finallj 
settling down' to this steady value : the curve OFQBST: in 
Fig. 429a shows the result in this case. 

Again, from (4) it follows that at times ^ = 0 J : 




2inr 






=, etc.,' sin — is zero and therefore 


It is zero. Further from (S) it follows that after times 


a + ; 


a -f 


etc., the value of is the inal steady 

J 3 


's/p ^ ^2: 

value Q. This means that in both cases 
Time of half an oscillation : 




•*. Periodic Time = T ' 


27r 


2ir 


vf^-f r±_s‘ 

• Vlg S’ 

— 2t^ LG if ii is negligible. 

The (mse of the discharge on remoying the applied 
JE.M.F. is dealt with by putting E=zO m{2) viz., 

(5) 


l^^ + b'^+-9 = o 

dr dt G 


and in this case if ~ > It^ the solution is 


Qt=Q 


fer^ 


COS (Vp 




t — ^ a) 


( 6 ) 


Here also the discharge is oscillatory and is shown by 
the cmve OPQB of Pig. 4295. A Uttle consideration will 
stow that the periodic time is the same as in the preceding 


case. 


AL 


lx __ < 22 it can. he shown that the process in both 
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cases is noa-oscillatoryi in the first case the charge merely 
rises gradually to the steady value Q, and in the second 
case it falls .gradually from Q to zero. (See Chapter 

XXIL). Clearly or E = V^gives the Umit- 

^ c 

ing value of E for oscillations. If E exceeds this value 
the process is continuous, if less than this it is oscillatory. 

The above chief facts are merely summarised here ; they 
are again dealt with in Chapter .XXII. 

In Arts. 250-252a the applied B.M.P. (E!) is a ** steady 
E.M.F. : the cases of an alternating E.M.F, in (1) a circuit 
with resistance and inductance, (2) a circuit with resistance 
and capacity, and (8) a circuit with resistance inductance 
and capacity are treated in Chapter XX. 

Incidentally it may be noted that in Pig. 429a the 
maximum charge (first “surge’’) is much greater than tlie 
final steady charge: hence it is that a condenser joined to 
supply mains (with small E and large L) may “break 
down” although its insulation can easily stand the final 
steady pressure.^ The remedy is to charge through a 
resistance which is afterwards cut out. 

253. Indrictive Besistances in Parallel.— It' has 
been shown (Art. 157) that a $teady current divides at A 
(Pig. 429c) in the inverse ratio of the resistances, and this 
is true whatever the value of and the inductances of 



the resisiances, hut ii does mt hold for aUermiing eurrenii 
or when the currerits are varying in strength. 

Let oj and ij deiirde the current.s in the two brandies 
at any instant during a varying state. At that instant 
the difference of potential betw^^n A and B is given by 
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or + 

that is, + = + 


If we apply thiis relation to tlie first instant of tlie 
variable state at tbe starting of the currents, where x and 
y have both zero value, we get 



dy idx __ .Lj 

di lit ““i; 


that is, the rates of increase of the currents at the instant 
of starting are in the inverse ratio of ike self-inductances 
of the branches. 

At the instant the full values of the currents are estab- 
lished ™ and ^ are both of zero value, and the relation 
didt 


reduces to the usual simple form i^E^ = i^E^, where % and ^ 
are the final steady values of x and y, i.e.^ the final steady 
currents are in the inverse ratio of the resistances of the 
branches. 

It must be noted, however, that if the current at A 
starts from a steady value and returns to the same value, 
after a period of variation, the total quantity of electricity 
that passes during the period of variation divides between 
the branches in the same way as a steady current. For 
example, the discharge current from a condenser or the 
currents due to induction which start and end at zero 
values come under this rule, so that the guantity of elec- 
tricity discharged from a condenser or set in motion by an 
inductive impulse divides among branching conductors in 
the inverse ratio of the resistances. 


The truth of this rule may be deduced from the relation 
For this gives 

Mixdt -f- I/idx E^ydt -f dj^dyy 

and X . dt and y . dt evidently denote the quantity of electricity 
passing during the infinitely short interval of time dt, when the 
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strengths of the currents are x and y respectively. Assuming the 
currents to vary from values ^ and to /j and /g, and integrating 
between these limits, w© get 

iJij wde + Zyij ‘efo: = ifjj y* + 


Now, if li = ij and /j= ij, evidently | ^<^1/ both vanish, 

and we have 

i?!!* = i?gj p , dL 




*< 

But X . dt = <2i, the quantity of electricity which has 


through i?i in the time and 


y .dt = gg, the quantity which has 


tlirough ./fg in the same time. 

<12 


Hence JRiqi = or 


254. Energy in tlie Magnetic Field of a Current. 
Tlie Case of Two Circuits, — In Art. 239 the energy 
equation in the case of a current circuit is given in the form 
Eldt = PEdt IdF, 
and since F ■=: LI this becomes 

Faldt :=z PEdt LUL 

This equation evidently means that the energy given out 
by the battery, BI . dt, is greater than the energy, PE .dt, 
dissipated as heat in the circuit by an amount LI \ dl, 
which is associated with the establishment of the., magnetic 
field due to the current, and must therefore be looked upon 
as the eleetroniagnetie energy stored in the medium in 
which the magnetic field exists ; as ■ the current rises tlie 
amount of this energy increases until the steady state is 
attained. 

It will be explained later that the ^energy from the cell really 
travels from the cell thrmigh ike medium to the circuit, where in 
general it in dissipatcil, but at the starting of tlie current some of 
this energy, instead of jiassing to the circuit to be dissipatcfi, re- 
mains In the medium as the enerpr of the magnetic field, and during 
‘this short period the energy dissipated is less than the energy given 
out by . the cell by the , amount which .remains in the mVlium, 
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Similarly, when the oirouit is broken, the current very rapidly' 
decreases to zero value, and the energy of the magnetic field in the 
medium rushes into the oirouit, whei’e it is dissipated as heat, giving 
rise to what has already been described as the extra currcjit at break. 

From' , tlie , equation given above the e!ectrt> magnetic 
energy stored in the me&um during a very change 

dl in the current is LI . dl, where L is the coefficient of 
self-induction of the circuit* Hence, if a current increases 
from 0 to J in a circuit of self -inductance L, the total, 
energy in the medium will be 

M.dl or ifl. il. 


Energy : 




These should be compared with the expressions developed in 
Art, 86 for the energy of a condenser and of a charged body, viz. 

Energy = = iQF = , There is a real analogy between 


the two ; one measures the electromagnetic energy in the magnetic 
field set up in the medium surrounding a circuit carrying a current, 
the other measures the electrostatic energy in the electric field set 
up in the dielectric of a condenser, or in the medium surrounding a 
charged body. 

In the case of two circuits carrying currents / and /j let 
M be the coefficiejit of mutual induction and L and the 
coefficients of self-induction. The energy in the case of 
the first is \LP and in the case of the second whilst 
the mutual energy is MII^ ; thus, if U be the total energy--^ 

As B must be positive, LP + must be positive. 

But L and are both positive, whilst the sign of M can be altered 
by reversing the connections of one of the circuits ; hence in every 
case, to he strictly exotet — ■' 

LL^ > if*. 
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In engmeering practice the difference between and if ^ is |r©. 

qnently small enough to be taken as zero, however. 

255. Transfer of Energy from a Cell to its Circmit. 
Poynting’s Tlieorem. — Some idea of the. process of trans- 
fer of energy through the medium from a cell to its circuit 
may be obtained by considering the charging and discharg- 
ing of a condenser. 

Let the parallel plate condenser shown in Fig, 430 be charged by 
connecting its plates to the poles of a cell. When connection is 
made Faraday tubes 11, 22, 33, etc., each carrying unit positive 
charge at one end and unit negative charge at the other end, travel 
towards the condenser and quickly fill up the medium between the 
two plates. 

Wiien the charging begins the difference of potential between P 
and W (Fig. 431), the terminals of the cell, is equal to the E. M.F. of 



Fig. 480. Fig, 431. 


the ^ cel!,' and no difference of potential has -yet been established 
between A and B. It follows therefore that during the i nitial stiiges 
of the charging the difference of potential between two points, a and 
b, decreases as the pointe are token farther from Parid W, and nearer 
to A and B. The energy in a tube being proportionalto the dif- 
ference of potential between its ends, the tubes between F and M 
will tend, therefore, to move from PJST towards AB in order to toke 
tip positions of minimum potential energy, and each tube, as it 
towards AB, undergoes loss of electrostatic energy, the amount lost 
being partly dissipates! as heat in the conductors PA and NB, and 
partly transformed into electromagnetic energy of the magnetic field 
surrounding the .conduotors. Tins electromagnetic energy may be 
considered as of the nature of kinetic, energy associated with the 
motion of the tubes of force, the electrostotie energy of which Is 
assumed to be of the nature of potential energy. , 
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As the charging goes on th© difference of potential between: and 
j^.Tlses nntil'finaliy it. becomes equal to the E.M.F. of the cell, and 
points on jPA and on JVj 5 are at the same potentials as .P and M 
respectively. When this state is attained the charging is eomplete 
and the tubes cease to travel through the medium from the cell to 
the condenser. The energy which has passed from tlie cell^to the 
condenser through the medium between PA and JSfB is stored up in 
the electrostatic field between these conductors,^ all the cieetro- 
magnetic energy produced being retransforined into electrostatic 
energy. During the transfer and attendant 
transformation a certain amount of energy 
has been dissipated as heat in the conduc- 
. tors FA and so that during the charg* 
ing the cell has given out more energy than 
is stored in the electrostatic field. 

Let us now consider the discharge of the 
condenser when the plates A and B are 
disconnected from the cell and connected 
by a high resistance. 

Directly connection is made the Faraday 
tubes between A and B (Fig, 432) travel 
towards (7, so as to reduce their energy by 
reducing the difference of potential between 
their ends. As each tube travels towards 
O', the energy it loses is partially dissipated 
as heat and partially transformed into eleotroraagmetic energy in 
the medium surrounding the conductor A CB, and finally, when the 
ends of the tube meet, the tulje disappears 
and all the energy in it is transformed 
into heat and electromagnetic energy, th© 
latter being finally dissipated as heat in 
the circuit. As the discharge goes on, 
tube after tube disappears, and finally the 
whole energy of the condenser’s field is dis- 
sipated and the condenser is discliarged. 

In the case of a simple circuife 
PABN (Fig. 438) m.ade up, of' a cell 
and a conductor, the proce.ss of tran.s- 
fer- and dissipation of 'energy by 
means of the medium is ,, practically, 
the same as described above. 

When the current fiirst starts some 
electrostatic energy is converted into electromagnetic energy 
as the magnetic field of the current is established, and 
when the circuit is broken this electromagnetic energy is 



Fig. 433. 
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dissipated as heat in the circuit, hut when the current is 
steady there is a steady dissipation of electrostatic energy 
as heat in the circuit. 

Faraday tubes pass through the medium from the cell 
out along the circuit, and each tube, as it shortens to nothing, 
as at and B, gives up all its energy to be dissipated as 
heat in the circuit. There is therefore in the case of a steady 
current a steady flow of tubes of electrostatic energy from 
the cell out to the medium, the ends of each tube travel 
along the conductor of the circuit and the energy of each 
tube, diminishing as it travels along, is ultimately com- 
pletely dissipated as heat in the circuit. 

It must be remembered that Fig. 433 is only of a dia- 
grammatic character. The tubes passing from the con- 
ductor PA to NB must be understood to start out from 
P.4 in all directions, and to cuiwe round through the 
medium to NB, on which they terminate and on which they 
close in from all sides. The medium involved in the trans*- 
fer of energy is not, therefore, confined to that directly 
between the conductors PA and NB as shown in the dia- 
gram, but includes the whole field in the neighbourhood of 
the circuit. 

In an electric field such as we have described, where the 
tubes are not in equilibrium, but in motion, we have, as a 
result, a magnetic field— the magnetic field associated with 
the so-called currents in the conductors in the field. If we 
draw on the field a series of equipotehtial surfaces and also 
a corresponding series of surfaces of equal electric force, 
the lines of intersection of these surfaces can be shown to 
be lines of magnetic force. If the motion of the tube.s in 
the field has attained a steady state these surfaces will be 
fixed, and the lines of intersection, that is, the lines of 
magnetic force, will lie fixed. This is another way of saying 
that a steady current has a definite fixed magnetic field. 

The above represents in a simple form one aspect of 
Poynting’s Theorem on the transfer of energy. 4 ocord- 
ing to it the current from a cell consists of the positive 
ends of the Faraday tulies moving along the wire from the 
positive pole, and the negative ends moring along the wire 
from the negative pole, the two ends approaching as the 

M. ANU K. ,p2 
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tubes contract and disappear ; tke 'energy thus flows through 
the medium. Still more, modern -tlieorj attributes; tlie cur* 
rent to the motion of negative electrons ; .tills is dealt, with 
in a later chapter. 

256. The Induction Coil. Modern Interrupters.— 
The induction coil is a practical application of the prin- 
ciples of mutual induction, consisting of an apparatus for 
the purpose of transforming a low P.I). between tlie tei*- 
minals of a primary coil into a high P.D. between the ter- 
minals of a secondary coil. The two essential points are — 

(1) A given current in the primary coil shall make the 
linkages — ^flux x number of turns — in the secondary coil 
as large as possible. 

(2) The current in the primary coil must 1^ made and 

broken very rapidly. ^ 

The construction of the apparatus is shown in Fig. 4S4, 
and is, briefly, as follows: Bound an inner core composed 
f C 



of a bundle of soft-iron wire is wound a coil consisting of 
a few turns of very stout wire, termed the primary of the 
coil ; this IS m series with a break consisting of a sprint 
touching a contact screw, the spring carrying at its upper 
end a small piece of soft iron, which is attracted by the 
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troB core of tlie coil when current flows- through the primary, 
and falls back again when the 'primary current ceaseS' and 
the iron core becomes demagnetised. Hence, on attaching 
the battery, an intermittent cuiTent passes through the 
coil, the frequency of the currents depending upon 'the 
strength and inertia of the spring. 

Surrounding the primairy coil, but insuiated from it with 
great care, is. a coil consisting of -a very great number of 
turns of very fine wire called the semmlary. The ends of 
•this wire are led out of the. casing. and are attached to 
terminals on the top of the coil, and usually when the coil 
is working the secondary circuit is complete, except fora 
gap, across which it is desired to cause sparks to leap. 

tip to this stage in the construction the action may be 
briefly explained as follows. When the primary cuiWt 
passes (1) an induced inverse current u developed in the 
secondary, and (2) the core is magnetised, the soft iron 
head and spring are attracted and "the primary circuit is 
broken ; when the primary current ceases (1) ]m induced 
direct current is developed in the secondary, and (2) the 
core is demagnetised', the spring falls back against the 
screw, the primary current again starts and the actions 
are repeated. It follows from this that so long as the 
primary current is made and broken so long will currents 
alternating in opposite directions circulate in tlie secondary. 

In practice matters are not so simple as indicated 
above, owing to the self-induction of the primary circuit 
itself. When the primary is **made'' the resikance is 
small and the time constant L/M is therefore great; 
when the primary is ‘‘broken’' the resistance is great 
and the time constant relatively smaller. Hence the 
decay of the primary is quicker than the growth, and 
therefore the inductive effect on the secondary at 
“ break ” is more pronounced than. that at “ make." 

On the other hand, when the primary is broken the 
“ extra current " developed in it in the sa^ne dlreetiou as 
the prim,ary makes the brealc less' sudden and definite 
than it would otherwise be (thereby -reducing tlie induc- 
tive effect on the secondary),, and, 'sparking across the 
interrupter, damages the surfaces of contact. 1\> prevent 
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' these: effects a condenser, made of sheets, of .tinfod and 
paraffined paper, is connected with the primary circuit; 
'one pole of it is connected tO' the pillar of the screw,, and 
the other to the spring. The action of this condenser 
may be briefly explained thus. When the current is 
brolien the self-induced current, having to charge the 
condenser is not able to spark across the break and thus 
the current is very suddenly broken. Again, the charged 
condenser at once discharges round the primary, but in the 
opposite direction to that of the primary current, and this 
tends to produce an induced current in the secondary in 
the same direction as that dne to the break: in fact, in 
practice the flux in the core is reversed at each break, and 
the induced quantity in the secondary is almost twice that 
without a condenser. To be exact, the condenser current 
is really oscillatory, but these oscillations are quickly 
damped, dying out before the circuit is closed again, so 
that only the first discharge is practically important. 
Summarising, we may say that the secondary induced 
current at make is comparatively small, while that at 
break is intensified, so that in an ordinary induction 
coil with a condenser the secondary induced currents are 
those due to the breaks of the primary. The action of 
the condenser is further dealt with in Art. 256a. 

In modern coils the vibrating hammer as a make and break is fre- 
quently replaced by other devices giving much more rapid inter- 
ruptions. One form is the Welinelt Electrolytic Interrupter. 
This is merely a cell containing as one electrode a large plate of 
lead immersed in dilute sulphuric acid, the other consisting of the 
end of a piece of thin platinum wire projecting from the end of a 
glass tube. This cell is placed in the primary circuit, so that the 
current leaves by the lead plate, and it is then found that if the 
pressure of supply exceed 24 volts or so, the current is rapidly 
broken and the secondary emits powerful discharges. Another 
form much used is the Motor Mercury Interrupter shown in 
Fig. 435. In this pattern a jet of mercury is discharged froxn a 
tube and "caused to strike a toothed wheel which is rotated by a 
small motor at a high speed. The circuit of the primary coil is 
completed through the jet ; hence when the jet strikes a tooth the 
primary is made, but when the jet misses the tooth the primary is 
broken, and the rate of this depends, obviously, upon the speed of 
rotation of the toothed wheel* which is under complete control 
Also the teeth are tapered, and thus by either moving the jet or 
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the wheel up or down relatively to each other the proportion of 
time during which the oircnit is made and broken is under control 
too. This device gives excellent results. The mercury is pumped 
up by the action of the motor which rotates the wheel. 



Fig. 436. 


256a. Tlie Effect of tlie Condenser of an Induc- 
tion Coil upon tlie Secondary Current.-— In the treat- 
ment which follows (a slight modification of Lord Eayleigh 
and Starling), the resistance of the secondary is neglected, 
its inductance being the important factor. 

Let now and Ij denote the inductance of and current 
in, the primary, and denoting the same for the 
secondary. Let M be the mutual inductance of the two 
circuits and G the capacity of the condenser. Finally let 
Qi and, charges circulating in the two circuits. 

Clearly the electro-motive force equations (discharge 
starting) for tlie prim,arj and secondary circuits are 


M^+ ^‘-0 

^ dii M G 

....... ( 1 ) 

L., ih + M ~ 0 

' dt^ di 

...... (2) 

Again, since I = dQlM^ ^s-^d therefore dl/M = 
these become: — ■ 

= d^Qldt\ 

^ df ^0 

(3) 

i 4 . M — 0 

dt* 

....... (4) 
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Multiply (3) by and (4) by Jif 


hh 

‘ ■“ dt^ 


+ + L,^ = 0. 


ML„~^ + IP ^ = 0 (6) 

dt‘ ^ ^ 

Subtract (6) from (5) : — 

(L,L,-M^)^+^Q, = 0 .....( 7 ; 

This is aa equafcioE of tlie oscillatory type, Vm. 
d^0 

_ -j- = 0 ; thus the charge and current in the primary 

CLt 

are oscillatory. 

Again, from (2) we get on integrating: — 

L/, + lfI, = A (8) 


When 1^=^ 0 let the value of be I then 
A -ML 

Substituting this for A in (8) we get : — 

1,) .......... 


ISTow Ii we have seen is oscillating, and from the above 
it is oscillating between the limits 4* I and — I. From 
(9) ,4 evidently has its greatest value when Ij has the 
value — I ; hence : — 

O Tif f 

Massimum value of = rz" ........... (10) 


If the condenser is absent, and denotes the resis- 
tance of the primary, the electro- motive force equations 
become : — 

(U) 

0 (12^ 
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Multiplying (12)- by If and (11) by JDg, and subtracting 
as in tbe .preceding case; we get:-— . 


ihh- 




Tbis is an equation of tbe same type as that dealt with 


in Art. 251, Le. it is of tbe form -f hO . ; 

dt ^ 

just as in tbis last case tbe solution is : — 


: 0, and 


= Be 

so tbe solution to tbe above is : — 

I. = Ie =J«-“^ay. 

Again, from (12) as before : — 

L,L + MIe~ = A,. 

Putting I^r=zO when i == 0 we get = MI, and sub- 
stituting tbis for Aj in tbe preceding equation we get : — 

+ MIe~°*=.MI, 

MI ( , - aA 


. T 
»• An 


As t increases more and^more,^ .e becomes nearer 
and nearer zero, and is zero if t be infinite; bence : — 

■ Tbeoretieal maximum value of *..,{13) 

Comparing (10) and (18) we see tbat,Wi^/fc the condenser, 
the maximum value of Jg is double the maximum jpossible 
value of A condemer is absent It should l)e 

noted tliat tbe resistance of tbe secondary bas been neg- 
lected, BO that the values of I, given above can never bcj 
actually reached in practice, ^ ■ 
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257: Principle of^tlie Dynamo and Motor^-^Tho 
dynamo is a commercial application of the principle of 
the rotating coil of Art. 241 ; in practice the rotating pa.rt 
consists of several coils suitably wound upon an iron core 
and known as the drmdfuref whilst the magnetio field in 
which the armature rotates is produced by powerful elec- 
tromagnets, known as the field magnets. 

In "Pig. 436 let ABCB be a coil capable of rotation 
about the" axis XX in between the poles if, 8 of a nmg- 




net. If AJ5 bo rising and OB falling, an application of 
Fleming s nght hand rnle will show that the induced 
current is in the direction indicated, so that P is the 
positive ^ and Q the negative end of the coil, and the 
wroent m the ‘‘external” circuit will be from P to 0 
When the coil reaches the vertical the induced E M ¥ 
becomes zero (Art. 241). 

When AP begins to fall I H 

and GB to rise, the in- 
duced current will be as 
indicated in Fig. 437,. 
so that Q is the positive 
and P the negative end 
of the coil, and the cur- 
rent in the external cir- 
cuit is now from Q to P. 

To make contact be- 
tween the coil and the 
external circuit an arrangement known as slip rings (Fig. 
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438) is employed; a brus'li presses upon each .ring and 
serves to lead tlie current, wMch is' still alternating, to and 
from the external circuit. To obtain a direct instead of 
an alternating current in the external circuit a s^lit ring 



Fij?. 438. Fig-. 439.. 


commutator (Fig. 439) is used; if the gap in the ring 
passes under the brushes when the coil is vertical the 
external cuiTent will go up and down in value, but it will 
not reverse in direction. 

It is clear that by using a second coil at right angles 
to the above the induced E.M.F. in one coil will be a 
maximum when thah in the other is zero, so that by 
suitably connecting the coils and using a fottr-part com- 
mutator the external current will be more constant in 



Fig. 440, 
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magnitude. This will be even better realised by having ' a 
large number of coils uniformly distributed along the out- 
side of an iron core, suitably connecting them and using 
a commutator divided into a corresponding large number 
of parts or segments. 

One method of connection is shown in Fig. 440. Here 
sixteen wires are spaced uniformly along thO' outsidO' of 
an iron drum and .cross connections are made as indi- 
cated, the continuous lines denoting connections at the 
front and the dotted lines those at the back of the 
armature. 

From the front end of conductor 1 a connection is led 
via a commutator segment to the front end of conductor 
8 . Between 1 and 8 there are six conductors ; adding one 
to this we get what is called the pitch (seven in this case), 
and this pitch must be adhered to for the whole winding. 
Thus the back end of conductor 8 is connected to the back 
end of conductor 8 -f 7 = 15, and the front end of 15 is 
joined via a commutator segment to the front end of a 
conductor which is seven ahead of it — viz. to the front end 
of conductor 6 . The back end of 6 is joined to that of 
6 -b 7 = 13, and the front of 13 to the front of 4 via a 
commutator segment. This is repeated, and finally the 
back end of 10 is joined to the >aek of 1 , and a closed 
winding is obtained. 


The brushes make contact as indicated with the com- 
mutator bars, to which conductors 1 and 8 and conductors 
9 and 16 are connected. An application of the right hand 
rule will show that, with the armature revolving as indi- 
cated, the currents in the external conductors on the left 
are flowing from back to front, whilst those in the con- 
ductors on the right are flowing from front to back. Thus 
in the armature drcuit the current has two paths— viz 

(1) alongl - 10 -3--- 12-5-14— 7-16- 

(2) B — along 8 — 15—6—13 — 4 —11 — 2—9 — i? 4 . " 

whilst in the external circuit the current flows from B 4 
toB— . , ' . , 


A simple expression for the average E.M.F. of this machine may 
be readily established ; thus— ' ^ 

Let total magnetic flux passing through the armature. 



. Fig. 441 


this curreut passing round felie, fields strengtlieiis them so 
that a larger iL.M,.F. and current are deveioped, and so on j 
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, Z =s: total number of external wires .connected in series on the 
, armature, 

' w =; number of revolutions per second. 

Each external wire cuts F tubes twice in one revolution, le. each 
conductor cuts 2F tubes per revolution, and therefore 2Fn tubes 
per second ; hence 

E.M.F. for each conductor = volts. 


Again, since the brushes are placed diametrically opposite each 
other, the current has obviously two paths through the armature 
from brush to brush. Further, each path contains Z/2 oonduotors 
in series forming E.M.F., the two paths being arranged in parallel, 
and just as the combined E.M.F. of two equal batteries in parallel 
is the same as that of one battery, so the total E.M.F, in this ease 
is that due to Zft conductors } hence 


Average E.M.F. of dynamo x ^ 

li)^ j£ 


FnZ 

108 


volts. 


Most direct current machines are self-excited^ ue, the 
whole or a part of the current from the armature passes 
round the field magnets to further excite them, the residual 
magnetism of tiie fields being sufficient to start the action. 
Pig. 441 represents diagrammatically three methods known 
as series, shunt, and cowqwund wound machines respectivelj ; 
in the figure is the armature, B, and coils on the field 
magnets. The whole principle of seif-excitation is that, 
owing to the residual magnetism in the fields, the armature, 
on starting, has an ■'E.M.'F. and current developed in it, and 
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tlbas tlie macliiiie quickly builds up. With a series macliiae 
the pressure at the terminals increases as the external cur- 
rent increases, whilst with a shunt machine it decreases ; 
with a compound machine the pressure at the terminals 
can be made to be practically constant wiiaterer the current. 
The principle of the motor is that of the moving coil 
galvanometer ; thus if a current from some external Boiirce 
be passed through the armature of Eig. 440 it will begin 
to rotate, the direction of rotation being determined by 
Fleming’s left hand rule (Art. 170). Eow when running 
it will of course act as a dynamo, and an application of 
Fleming’s right hand rale (Art. 239) will show that the 
induced E.M.F. e is opposite in direction to J?, the pressure 
supplied by the external source ; this back E.M.F. e is an 
important factor in practice. It is matter of easy proof 
that the watts transfonned by this motor are el, where e 
is the back E.M.F. in volts and I the current in amperes 
(cf. Art. 194), and that the torque (T) and horse-power 
are given by 


FZI 


. pound feet j H.P. = T x 


27rn 


"746 X 10® 


8-52 X 10"®"' ' '' ''550 

The brake iiorse-power (B.K.P.) is less than this owmg 
to various losses. 

Motors may be series, shunt or compound wound. 
Series motors are used when a powerful starting torque is 
required, e.g. in electric trains and trams : shunt motors 
run at practically the same speed for all loads and are 
therefore useful for driving machine tools, etc. : in com- 
pound motors even more constant speed for ail loads can 
be obtained but they are not largely used. 

The current in a motor is evidently (F— c)/B where 
B is the applied pressure, and e the back E.M.F. If 
the motor be at rest and the full pressure E be suddenly 
applied the current will be El B and as B is small this 
will be excessive and will burn out the armature. To 
avoid this a variable resistance (the starter”) is put in 
series with the armature and as the speed (and tberefore 
e) increases, this resistance is cut out step by step until at 
full speed it is all out and the only resistance is that 
of the motor circuit. 
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For fuller details on Dynamos and Motors the^ student 
slionld read' Electricity^ Chapters XIX. and XX. 

257a. Telegrapliy, — Only the simplest reference to one or two 
general principles can be given here. 

In the J/orse System the two signals which form words and 
numbers, etc. are currents of long and short duration. One method 
of receiving them is by means of a Mors© sounder which consists 
of an electro-magnet fitted with an armature in such a ijosition that 
the latter is drawn down upon a stop when the current flows and 
flies back against another stop when the current ceases ; the 
operator thus listens to the clicks and notices whether the intervals 
between them are * ‘ short ” or “ long ” ( “ dot ” or “ dash ” ). Another 
method of receiving the signals is by means of the printing* 
mechianism ; in this the armature is attached to a small inked 
wheel and under this is drawn by clockwork a long narrow strip of 
paper. When the armature is not attracted the wheel is clear of 
the paper but when attraction ensues the wheel comes into contact 
with the paper and'prints a dot or a dash according as the duration 
of the current is “short” or ‘Mong.” Combinations of dots and 
dashes form letters etc. according to a definite code, e.g, A • — , 
B — C— . — • etc. 

A simple circuit is shown in Fig. 441a'. If the key on the left be 
depressed it will he lifted from the upper contact and current will 
flow from the battery on the left to the depressed key, tlience to 
line, to the sounder on the right, to the key and to earth. The 
line galvanometers inserted at each end (Fig. 441a) show the 
operator, when “sending” if his apparatus is working correctly. 
If the distance between the stations is great the line current may 

be too weak to properly 
A /A work the reuorder ; in this 

4 - — — ~j 4 I case a relay is employed, 

* — — L— ^ {,e, the line current actu- 

SOUNdM~^-^ OUNDERrra-i electro-niagiiefc go 

r\i ' *\“i attracts an arma- 

ture and thus brings a 
U|jJ L|jJ local battery into circuit 

T 7 yL^ - n to Operat e the recorder. 

, AA'i In Duplex Telegra- 

hig. Mla. pHy it is possible to send 

two mes.sages simuluin- 
eously along the same wire, i.e, A can transmit "to B at the 
same time as B is transmitting to A. The principle of one method 
—the differeatial duplex— will be gathered from Fig. 44.1k I’lic 
Morse magnets are each wound with two fiqual coils in opptjsite 
directions and arrangements . are. such that,; for station A for 
example, the resistonco of ooiLDi the resistance is equal to 


mi 




2752? ■ ELUqTBOMAaMTIC INBUCTIOH. 

the resistance of coil Oi plus the line resistance phi^ the resistance 
of coil G 2 and a similar relation holds for station /i. 

If A only is trammitting to B then on ciosin^^ the current 
divides into two equtd parts at X and since Gi and iirc wound in 
opposition they cancel each others effect on M, which thcrehuc 
does not respond, but the current passing through line (A to 
earth actuates so that the signal is recorded rdi B, A similar 
explanation holds if B only tranmnits to A, 


Fig. 4416. 

Suppose now that A and B are both sending^* togoGur^ Bay.^emh 
sending a “ long current As the two batteries are working e(|ua! 
and opposite ’* through Ci, and line there will be {|>iaetical!y) no 
current in this part, but current continues to flow through Dj and 
i>2 so that both Mi and respond to a “long current,’* ie, they 
respond as long as Ki and iT^ are held down. 

Now imagine that, simultaneously, A sends a and B a 

** short They start together say, then, when the key at B opens 
(key at A still down) the battery at B is cut out so that no current 
goes from it through Dj but current now comes in from the line 
through Gz so that continues to respond to the “ long” from A. 
At A however, there are now equal currents in both Gi and iJj from 
the battery at A which cancel each others effect on so that it 
no longer responds. Thus B^s signal to .4 ceases when m opened 
but A’s signal to B continues as long as is closed. The student 
should think out other cases for himself. 

As indicated, the above is only a brief glance at one or two 
general principles ; for details ana modern developments some good 
work on Telegraphy must be consulted. 

257h. Telepjiony.— As in the preceding section, only the briefest 
reference to one or two general principles can be given here. 

A section through the Bell Magneto- telephoxie is shown in 
Fig. 441c. Here M is a permanent magnet carrying at one end a 
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Fig. 441c. 


pieo© of' soft iron 8^ This forms the core for a coil 0 which has 
leads to, the ^*Iine”, and ‘^re- 
.turn.*^. In 'front of 8 is fixed 
a very .thin soft iron disc DZ). 

The main body of the instru* 
ment is of vulcanite. 

The 'action is as follows: 

When a person speaks into 
the orifice the waves of sound 
cause the disc to vibrate, 
and as it moves to and from 
the soft iron core the distribution of the lines of force in the 
coil is altered. A current is therefore generated in G, the E.M.F. 
of which is deterruined by the rate at which the number of lines of 
force passing through G is changing. At the distant end of the line 
is a similar instrument, the terminals of which are directly 
connected to those at the transmitter, so that as the currents 
generated in G vary with the sound, so also do those received at 
the distant station. The reverse operation then takes place at the 
receiver. The current in its coils varying, the field in the neigh- 
bourhood varies, and the soft iron piece of the receiver attracts 
with varying strengths the vibrating disc immediately in front of 
it. Thus the disc at the receiver copies the movements of the disc 
at the transmitter. These movements being transferred to the air, 
the sound also is reproduced, No battery is needed to work the 
instrument, as the vibrating plate generates all the current required. 

If sound waves are prcduced near a loose electrical contact, 
notably in the case of one or more sticks of carbon supported lightly 
by two fixed blocks of carbon, the vibrations cause the resistance of 
the points of contact to vary enormously, and thus a battery in 
series with the loose carbon will send a varying current to line as 
long as the vibrations continue; this varying ewrent passing 
through a Bell magneto telephone will actuate it in the manner 
described above so that the sound is reproduce^d. Such an arrange- 
ment is shown diagrammaticallyin Fig. 441d. Modem microphone 

transmitters act on this prin 


LINE 


ciple; they contain granules of 
carbon between two plates of 
carbon, one of which is attached 
to the diaphragm of the trans- 
mitter and therefore receives the 
air vibrations. 

In practice the microphone is 
used as the transnutter and the 
Bell magneto telephone is used as 
the receiver. B'urther, the micro- 
phone is not directly connected 
to the line as in Fig. 441 cl, but 


Fig. 44 Id. 

to the primary of an induction coil, the secondary ""of which i® 


BLECTBOMAGNBTIC INDITCTION. 



27'5i 

connected to, the line; by 'this device the KM.I?. is magnified in 
the .ratio. of the secondary to the primary turns (Art, 2501* .and thus 
can overcome a high resistance in the line. 



A simple circuit is shown diagrammatioally in Fig. 44l.e. When 
the receiver is on the hook the circuit is as shown and the calling 
bell can be rung by current coming in from the line. When the 
receiver is taken off the hook the latter moves to the other contact 
and the “speaking” circuit is then complete. A switch is included 
in the microphone circuit so that the battery is only sending current 
when the telephone is in use. 

In telephone exchanges small electric lamps light up automatically 
when the instruments are lifted from the hooka and the exchange 
then rings up the other person with whom speech is desired 
connecting the two subscribers together. Other lamps indicate to 
the exchange operatdr when conversation is finished so that no ring 
off is necessary. For details of modern developments the student 
should refer to some standard work on Telephony. 

Exercises XVII. 

Section A. 

(1) Describe experiments illustrating the chief laws of electro- 
magnetic induction. 

(2) Prove that the induced E.M.F. is measured by the rate of 
change of the flow of indue tion. 

(3) Develop expressions for the instantaneous value, the maximum 
value, and the average value of the induced E.M.F. in the case of a 
coil rotating about a vertical axis in the earth’s field. 
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(4) Define ooefficienfc of self-induction and coefficient of mutual 
induction. 

(5) Describe the construction and explain the action of the induc- 
tion coil. 

Section B. 

(1) A copper disc having a diameter of 40 centimetres is rotated 

about a horizontal axis perpendicular to the disc and parallel to the 
magnetic meridian. Two brushes make contact with the disc, one 
at the centre and the other at the edge. If the value of the hori- 
zontal component of the earth’s field is 0*2G.G.S., find the potential 
difference in volts betureeri the two brushes when the disc makes 
3,000 revolutions per minute. (B.E.) 

(2) What are the magnitude and direction of the force acting on a 

straight conductor 10 centimetres long, placed at right angles to a 
magnetic field of 50 lines per square centimetre, the current through 
the conductor being 5 amperes ? In what unit is your result ex- 
pressed ? (B.El.) 

(3) A vertical hoop of wire, at riglit angles to the magnetic 

meridian, is quickly but with uniform speed turned through 180® 
about a vertical axis, its originally eastern half moving northward 
at first. State the direction in which the induced current passes 
round the wire, and determine the position of the hoop In which tlie 
induced BbM.F is the greatest, (B.E). 


Section C. 

(1) What is a ma,giietic field? Describe a method of determining 

the magnetic: dip by the revolution of a coil of wire, about an axis in 
its own plane. (Inter. B.So.) 

(2) A square conducting frame cut through at one place imitates in 

the earth’s magnetic fiehl about a vertical axis, passing through the 
middle points of opposite sides. Describe the variation in 
betweeii the two sides of the break which consequently occurs, and 
calculate Its maximum amount when there are 120 revolutlorm per 
minute, if the edge of tlie square is 25 cm. and the intensity of the 
earth’s horizontal force is 0*18. (Inter, B.Se.) 

(3) Calculate the electromotive force generated, by virtue of the 
vertical component of th'i earth’s field (which may be taken as 

= 0*41 gm.i in the axle of a railway carriage, of 

length 150 cm., travelling with a speed of 75 kilometres per hour. 
In what units is your answer given? How .could you observe the 
existence of this electromotive force ? (Inter, B. Bo, Honsd 

M. B. 4B 
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(4) When a conductor I centiraetres in length carrying a enrreni 

c (in G.G.S. electromagnetic units) is plac.ed at rigiit to a 

magnetic field of strength J?, the force acting on tin*, conductor is 
equal to Hlc dymB, Use this result to determine the rulue of tlie 
electromotive force generated when a conductor is moved with 
velocity v cm./sec. in a direction perpendieuiar both to its brngth 
and to a magnetic field of strength II, Deduce the result that the 
E.M.F. generated is equal to the rate at %vhich the magnetic iities 
of force are cut by the conductor. (B. 8c.} 

(5) A solenoidal coil 70 centimetres in length, woiinfl with 30 turns 

of wire per centimetre, has a radius of 4*5 eenlinietn.*s. A second 
coil of 750 turns is wound upon the mifhiie part of the soienoid. 
Calculate the coefficient of self-induction of the solenoid, ainl the 
coefficient of mutual induction of the two coils, Will the induetantic 
of the solenoid be affected by short-circuiting the ends of the 
secondary coil ? (B. Sc. ) 



CHAPTER XVIIL 




MEA'SUEEMEWT OF INDUCTANCE. 

258, Introductory. — The Wheatstone Bridge arrange- 
ment for measuring resistances has been applied to the 
measurement of inductance. In the Wheatstone Bridge 
method for the comparison of resistances the balance for 
a steady current is made by pressing first the battery hey, 
and then, when the current is established, the galvanometer 
hey. If the galvanometer key were put down first and then 
the batteiy key the presence of inductive resistances in * 
the arms of the bridge would, during the variable state of 
the currents, distui'b the balance of the bridge, and the 
galvanometer would indicate this by a sudden throw of 
the needle at the instant of closing the battery key. If on 
closing the keys in this latter order, after first adjusting for 
exact balance with steady currents in the usual way, there 
is no throw of the needle, then either there is no inductive 
resistance in the arms or the induction effects in the arms 
of the bridge balance each other in the galvanometer. 

The conditions for this balance of induction effects 
depend upon the inductances and resistances in the bridge 
arms, and may, therefore, be applied to compare induc- 
tances suitably placed in the bridge circuit. If there is 
only one inductive resistance in the circuit, the throw of 
the galvanometer needle due to the self-induction of this 
resistance may be compared with the throw produced i>y 
the discliarge of a known quantity of electricity through 
the galvanometer, or by the permanent deflection caused 
by a known steatly cunmt ^ when passed througli the 
galvanomehir. 

" m 
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259. Measurement of Self-induetamce liy tli© 
Rayleigli-Maxwell Metliod.— la Eajleigli’s laodifica. 
tion of Maxwell’s original metiiod of laeasariag selfdndac- 
tion the throw of the galvanometer needle in testing for 
the balance of transient currents, after obtaining exact 
balance for steady currents, is compared with the per- 
manent deflection produced by the steady current ob- 
tained through the galvanometer by disturbing the 
balance for steady currents. This disturbance of balance 
is effected by making a small change in the resistance of 
one arm of the bridge. 

Eor this method the coil whose inductance is to be 
measured is connected up, as shown at E in Fig. 44?2, in 

one arm of a Wheat- 
stone Bridge arrange- 
ment ■ of non-inductive 
■■ resistances. If the resis- 
tance of the coil is very 
small it is advisable to 
insert a non-inductive re- 
sistance in the same arm 
with it. 

The simplest arrange- 
ment is to make P = Q, 
and to facilitate exact 
balancing for steady currents the resistance in the arm BD 
should be two resistance boxes arranged in parallel. Ap- 
proximate balance for steady currents is obtained between 
the resistances P, Q, P, and 8 ; then 8, being adjusted to 
a value a little above the value necessary for exact balance, 
the resistance T is then adjusted until exact balance is 
obtained with a resistance ST/(S + T), equal to P, in 
the arm BD. The keys are now worked in the order iTg, 
so as to test the balance for transient currents. The 
inductance m the arm CP will now cause the discharge 
of a quantity of electricity through the galvanometer, 
and there will be a sudden throw of the galvanometer 
needle.^ This throw is noted; let the scale deflection 
be dj, indicating an angular deflection, of the needle. 
The balance for steady currents is now disturbed by in- 





and tlierefore 


Also, when the resistance in the arm BD is increased by 
an amonnt p the potential difference for that arm is 
increased by an amount I'p, where F is the current in the 
arm after the increase is effected and the balance for 
steady currents disturbed. Hence the permanent current 
determined through the galvanometer may be said to be 
due to this increment of potential difference in the arm BD 
and is therefore prtjportional to Fp, That is % the current 
through the galvanometer, is given by i = hFp, where h is, 
on account of tlie syuimetry of the bridge, the same con- 
stant as for f above. 

Bui f = tan ^ 2 , 

Cr 
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creasing T so that the value of ST/ (S + T) is increased by 
a small amount />. On testing for balance of steady 
currents there will now be a permanent deflection of the » 
galvanometer. Let this be a scale deflection dg, indicating 
an angular deflection, of the needle. 

If L denote the self-inductance of the coil and I the 
current established in the arm GD on testing for transient 
current balance by closing K-j. after Jfg, then q, the quantity 
of electricity discharged through the galvanometer, is pro- 
portional to LI, that is gr = JcLI, where & is a constant. 


But 


ET . a, 

^ I’ 


and therefore 


IcLI 


ET 

ttG 


sm 


“1 


In practice it is best to obtain the induction throw of 
the galvanometer needle by first balancing exactly for 
steady currents and then suddenly reversing the current. 
When this is done the quantity, q, is proportional to %LI 
and we have 


IcLl 


ET . 6 
27rO 2 
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From the two results tlius oMaiaed we get 


IcpT 


rj, sm^ 


tan do 


and 


. 8, 

I 'll 

.^TT J tancL* 


Since S. and & are small 


sin-J 
tan So 


2d„ 


and, when p is very small, J and F are approximately 
equal. Hence we get 

2ir 2da 

When necessary the exact value of F /I can be calculated 
in terms of the resistances involved. 


260. Measurement of Self4nductance by the 
Rimington-Maxwell Method. — In this method the seif- 
inductance is determined in terms of the capacity of a 
condenser by balancing the throw due to inductance in one 
arm of the Wheatstone Bridge against the throw due to the 
action of a condenser in another part of the bridge circuit. 

The bridge circuit is arranged as shown in Pig. 443, 
which is the same as that given above, with the addition 
of a standard condenser of capacity 0, having one tenninai 
connected at A and the other terminal movable so that it 
can be connected at any point X on the resisfeinco P in the 
arm AB, 

Imagine the keys Ki and to be closed, and that exact 
balance obtains for steady currents with the condenser 
connected between the points A and X, The presence of 
the condenser will not in any way affect the conditions of 
balance in the steady state, but if, while exact balance 
obtains, the key JTj is suddenly opened the condenser will 
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where Y is the resistance of the circuit 
B + S CI^ ^ 

this , quantity * = < 


E + if+ri Y ■ 

passes til rough the galvanometer. Similarly the quantity 
of electricity set in Euotion by self-induction in E is 

where ^ is the resistance of the circuit 


of this quantity ==; 

passes through the galvanometer* On working 
values of Y and Z ami simplifying we get 
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But 

Hence 

That 

'8Q=: 


h p 


is, since 
PE, 


?L 

<}t 

by 


L 
the 


‘p + a* 

condition for 


stead? balance 


h _ Ct’^ E(B + S) 

L^F(E + Sy 

q^ L 'F 

Therefore, when there is a balance for transient ^eiirrents 
and we have 

C8E =r LF, 

or L— 

P 

The balance for transient current should hold at make 
as well as break of the current. Hence the usual inothod 
of adjustment is to change the position of X iiiitii there is 
no movement of the needle on making and break iiig or 
reversing current at K, while K. is closed. It will be clear 

i?.. j.1. _ 1 i • * ^ 


from the relation 


CrE 


that, as the naaximum value of r is P, the minimum value 
of 0 with which the adjustment for balance is possible is 
P/PE. 

261. Measurement of ■ Self-inductance by tlie 
Anderson Method.— -By a modification of tiie preceding 
due to Professor Anderson it is possible to avoid the 
moving contact at X. Pig. 445 gives Anderson’s method, 
and Pig. 444 a slight modification ; the latter will be con- 
sidered first 

An extm non-inductive resistance, N (Fig, 444), is introduced at 
and the condenser is permanently connected between the points 
ifr ana ij, ihe value of M does not affect the condition for steady 
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balance of the bridge, so that by altering it after the steady current 
balance is obtained this balance is not disturbed and the charge in 
the condenser can be adjusted so as to give the balance for transient 
currents. The operations of this method consist therefore of first 
obtaining exact balance for steady currents and then adjusting N 
until there is also exact balance for transient currents. 


C 



Adopting the same notation as above it is evident that the 
charge in the condenser, is [xV {/j -f A) -f Pli]0^ and the portion of 
this tending to pass througii the galvanometer is evidently 


Also, as above, 


R-\-S 

U -H S H- G 


P 

Y' 


F- 


?!• 


^ ^ P + Q LI, 


and after substitution for Y and Z and simplification we get 

fh^FPiB^S) 
q, LI,{P + Q)* 

and on substituting for F and reduoing as before we get 

Il.= 0 {NB + .VS + PB), 

so that when qi = q>i 

L=i€(WE+WS + rB). 

In Anderson’s metliod (Fig. 445) the condenser is con- 
nected between A and the galmno- meter branch at W, and 
T is the adjustable, non-iaductlire resistance. 
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The experiment consists in (1) adjusting in the usiml way until 
there is no deflection on closing first and then K.,, and (2) ad- 
justing r until there is no throw on closing first then 

Let Xf y, and z denote the quantities passing through P, through 
Qf and into G respectively in time t, Kow 

P.I). between A and N = P.I). between A and G, . 


Fig. 445. 

Again — 

P.D. between A and = P.D. between A and iV" -h P.D, 


Further — 

P.D. between G and D ==: P. D. on r + P. D. between B and D. 


0 since 
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262. Comparison of Two Self-indnctances "by If ax- 
weirs Ketliod. — Tlie method proposed bj Maxwell is 
troublesome in practice, but simple in theory. 

The two coils whose self-inductances are to be compared 
are placed each in series with a non-inductive resistance in 
the adjacent arms of a Wheatstone Bridge arranged as 
shown in the diagram of Fig. 446. The method of adjust- 
ment consists in obtaining a balance for steady cnrrents 
with different values of 'E and 8^ the total resistances in 
the arms OD and BI) i*espectively, until the ratio of these 
values is so adjusted that there is also exact balance for 
transient currents. 

If and denote the self-inductances of the coils in 
BB and GB, and and \ the cuiTents in ABB and AGB^ 
then the electromotive impulses in these coils are 
and 1 / 2 % respectively, and, from the position of the coils 
relative to the galvanometer, the electromotive impulses 
through the gaivano- . 
meter are in opposite 
directions and in the 
ratio But %/% 

= Ej8 and thei*efore ^ 

L,iJL,s = L,BIL.^, so 
that when there is bal- 
ance for transient cur- 
rents and these impulses S 
are equal we have L^E 
= jigS, 01- LJL^ = S/E. 446. 

Hence, altliougli balance 

for steady currents is obtained when P/Q = 8/E, whatever 
the values ()f ^.aiuTE may be, the balance for transient 
currents is obtained only when S/E =: LJLi, It is neces- 
sary therefore to vary the ratio of 8 to E, adjusting P 
and Q for balance for steady cuiTents for every value of the 
ratio until ftnally, on testing for balance of the transient 
currents, exact balance is obtained. When this trouble- 
some double adjustment is made we have 

"'B, M a* 
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263« €omparisoii of Two Self-iuiuctaiices hj tlie 
Ifiven-Maxwell Method. — A modification of this method, 
proposed by Niven, allows the comparison to be made 
without repeated adjustment of balance for steady cur- 
rents. 

The bridge resistances are arranged as shown in Fig. 447, and an 
additional adjustable non-inductive resistance N is connected be- 
tween the points b and c, the point b being the junction of « and <r, 
the inductive and non-inductive resistances in the arm /?/>, and 

the point c, thojuno- 
B tion of the resistances 

r and p in the arm 
OD* The coil r'in Oc 
m also shimtecl with 
a plug kej' My sO' 
that, when the plug 
is in, the resistance 
in €c is'"' practically 
nothing. 

The first opera- 
tion of this method 
consists in obtaining 
a balance for steady 
currents with the 
plug in the key iC, 
the resistance o- of zero value, and the value of N infinite. This 
adjustment gives P/Q = s/p. Then K is unplugged and the resis- 
tance (T adjusted until balance for steady currents is again obtained. 
This gives F/Q = (tr -f s)/(r -h p), and we therefore have P/Q = 
s/p = (t/t, that is 6 and e are for steady currents at the same poten- 
tial. For the third operation the balance for transient currents 
is tested and the resistance N adjusted until exact balance is ob- 
tained. When this balance is obtained it can be shown, by the 
method worked out for similar oases above, that 

-Ibi _ JP (W -f p -f jj?) , 

WQ * ' 

Li and i^g being the inductances of s and r respectively. 

264:. Measurement of Mutual Inductance by Carey 
Poster’s Method. — ^The mutual induction for two coils 
may be measured in terms of the capacity of a condenser 
by the following method due to Professor Carey Postfr. 

The two coils P and 8 (Pig. 448), P the primar/and 
8 the secondary, are connected, as shown in the diagram, 


Fig. 447. 
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in circuit with a condenser of capacity C, the non-indne- 
tive resistances E and Q, and the galvanometer G. By 
means of a key at K the current in P can be made, 
broken, or reversed, and an inductive impulse equal to 311 
or 2JfI thereby set up in S, where If is the coefficient 
of mutual induction for the coils and I is the current in 
M and P. The condenser also, with its terminals con- 
nected to the points A and P, becomes charged or dis- 
charged or has its charge reversed according as the current 
is made, broken, or re- q 

versed. By the arrange- | I £ <?_ 

ment of the circuit the ’ i S ~| 
two discharges through 
the galvanometer due 
to the inductance of 8 1 

and the capacity of C (2)^ 

are in opposite direc- | 

tions, and may be ad- 
justed to equality by 
adjustmg B or Q until ^ 

the galvanometer shows B P \ 

no deflection on work- 1 

ing the key at If. When j 1 1 n 1 1 1 1 1 1 Ak 

this adjustment is made ' 1 r I 1 i 

we have JB'ig. 448. 

3I=€M(Q-¥ S). 


Fig. 448. 


Proof. — The charge in the condenser is 01 R, and the portion of 
this which passes through the gai\'anometer is 

__S±-£_ . ciM. 

Q 4" -p 

The electromotive impulse set up in S is if/, and the quantity of 
electricity set in motion by it is' 

Ml 

This quantity all passes through the galvanometer. Hence we 
have 

^ ^ _ 01 M = d/I ^ 

. -f- o' q* ^ 

or ' iQ 4" S}OM ^ df. 
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265. Comparison of OTtitnal Indnctances by Max- 
well’s Method.-— This arrangement (Fig. 449) i.s exactly 
that of Lumsden’s method for comparing E.M.P.’s (Chap- 
ter XVI.), the electromotive impulses if, 2 ami, MJ pro- 
duced in the two secondary coils by making or breiikiiig 
the current I in the primary coils taking the part of the 
E.M.F.’s in Lumsden’s experiinent. 

The apparatus is arranged as in Pig. 44'9, aufl It^ and 
Ej are adjusted until the plvanometer is not deflected 
when the primary current is made or broken. If z and y 
denote the induced quantities circulating in S, and 
and t the time, then, applying Kirchhoil’s law to each 
secondary compartment — 

(Si 4* El) aj 4* 1/) = •M’jl, 

(Sa 4 EJt^ — <3 (aj - 2^) = ilfal; 

and, since « = y, 

M , s;te; 

If Ej 'and E^ be altered 
to'-Ej^ ■•and E./, 'SO as , again 
to secure a .balancjB— . ; 



266. Comparison of the Self-indnctance of a Coil 
with the Mntnal Inductance between it and another 
Coil by Maxweirs Method. — In this method the first 
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coil is put into one arm of the bridge, and the second is 
put in the battery ' branch, the connections being such 
that the E.M.F. due to self-induction in L is opposite to 
the E.M.F. in Ji^due to the inductive effect of the other 
■ coil. 

The arrangement is shown in Fig. 450. On balancing for steady 
currents P/S =: Q/lt 

During the varying period closed before the P. D. between 
and B m 

iM - + Pp 

dt dt 

and the P.D. between A and G is Qq, For balance, therefore, 

4f - + Pp = Qq. 




Fig. 430. 

Buti = p + ff, 

f.*. iL-M)f-.M§^Qq-Pp. 

As no current passe.s through 0, p =3 and q = r, and, since 
S3 = Sr, „ 

i.e.g = ^ 

and di - S Sr 
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Substituting in the jjreceding equation— 

^ dt R dt R 

But qS = EP, i.e. Q8IR = P ; hence 


267. Conclusion.— The student who works tlircuigh the pre- 
ceding tests will come to the conclusion either tluiti he is a pof?r 
expemuenter, or that *‘the apparatus is wrong -’-^-probably t.he 
latter. Both conclusions may possibly be correct, but tlio niethoda 
are nevertheless troublesome and unsatisfactory at the best. 
Newer methods depending on the empltn’iiient of alt (‘mating 

currents are being developed ; 

/\j\AAf\ the diiliculty, however, has Win 

’ 1 r the lack of a convenient galvano- 

^ , » 1 t| meter for alternating current 

•“lJ J 1 work. This diOiculty has, in a 
I I O nieasure, been ovcreonio by the 
\ly O introduction of the vibration 

^ f galvanometer of Mr. Albert 
Cainpbeil. It consists of a light 
. coil with a bi filar suspension in 

^VW\r between the poles of a magnet ; 

the vibration frequency can be 
rig. 401. altered and made to correspond 

with the frequency of tlio alter- 
nating current. When “tuned” in this way the spot of light on 
the scale becomes a band whose length is proportional to the 
current strength. Campbell describes, in the Procmlinys of the 
Physical Society^ several methods of comparing inductances and 
capacities with this galvanometer. Thus, with ‘a capacity f\ self- 
inductance L, and mutual inductance M, arranged as indicated 
in Fig. 451, and resistances adjusted for no current in the galvano- 
meter, it can be shown that 

^ = R.R.. ; ~ ^ = R. R. JL. R R 


Exercise. Establish the above relationships. 


CHAPTER XIX. 


INDUCE'D MAaNETISATION AND MEASUEE- 
MENT OF PERMEABILITY AND OTHER 
QUALITIES. 

268« Revision, — Before proceeding witli this chapter 
the student must revise thoroughly Arts, 9-15 of Chapter I. 

The truth of the relation R == IT -f 4 tJ may again be 
shown. Consider a long thin rod of iron placed in a 
uniform magnetic held in air with its length parallel to the 
field. The rod will be magnetised by induction, and the 
ends will exhibit polarity ; let m denote the strength of the 
poles. The number of unit tubes emanating from the 
north pole is 47rm ; these may be assumed to be continuous 
throughout the har from the south pole to the north pole, so 
that, if a be the cross-sectional area of the bar, the number 
of tubes per unit area due to the magnetisation of the bar 

is 4?r ^ , i.e, 47rJ (Art. 20), where I is the intensity of 

magnetisation. In addition, there are M unit tubes per 
unit area due to the field ; lienee the total number of unit 
tubes per unit area is il 4- drl, and as this gives the mag- 
netic induction or flux density R, 

R = jBT 4“ 

To be exact the value of M to be used in the above is its 
value in the material, and, as previously indicated, this is 
less than the value II of the original field, owing to the 
demagnetising effect of the poles (Arts. 4, 9). From the 
above, still neglecting this disturbance, we have 

' 'R I > 

^ = I .1.6, ,^x = i 4- 

The above is the usual practical ” .metliod of proving tli.e relation 
R = jET + 4rJ ! the Btrht proof 'however is that given in ,Art.. 270, 

M. AND E. ' Ml ■ ' 44 
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This is the usual way of presenting these relations, bt;t it will be 
seen that they imply that jfe, My and J are quantities of the same 
dimensions, and that /a and k are mere numbers, A more complete 
way of presenting the matterisas follows. If fi be deibied from the 
relation B = fiM it is evident that /a can bo unity only for an un- 
magnetisable medium. Hence, if wa take air as a magnetisable 
medium of permeability and consider for a field of intensity M 
the flow of induction across a crevasse, filled with air, in a inedium 
of permeability fjL^ we have fill as the induction in tine medium, and 

go [iST-b — (J— i)] as the induction in the air*gap, i being the 

intensity of magnetisation of the air. Hence wa liave 

,.£r = Mo[jff + g(X-«)] or B = + -i), 

that is g = go + 47r (X - i)/J5r. Here, if g 0 be taken as unity and 
( J - i) as the intensity of magnetisation of the medium, we get 
JX + 47rJ and g = 1 4- 4w/c, as above. 

269 . Maguetismg T'orce in a MagxietisaMe Body. — 
We have frequently referred to the fact that tine magnetic 
or magnetising force to he used iu the present investiga- 
tions is that in the material and not that in the original 
field before the material is placed there, and that the former 
(JXj) is less than the latter (JET) owing to the demagnetis- 
ing reaction of the poles of the specimen. It is stated in 
Art. 9 that XTi = JST — WI, where J is the intensity of 
magnetisation of the specimen and W is a factor depending 
on its shape and dimensions. If the specimen is a long 
thin rod (300 to 500 diameters) the poles are at a consider- 
able distance from the middle portions of the rod, and 
therefore do not produce any marked weakening of the 
original field along the middle portions; in this case 
may be taken identical with JET. Further, in the case of a 
ring magnetised by a coil of wire wrapped closely round it 
there are no free poles, and again JEt^ may be taken equal 
to JET. 

To apply to the present investigation the exact and fun- 
damental definition of the intensity of a magnetic field, 
viz. that it is measured hy the force in dynes on a unit pole, 
we must imagine a cavity in the material in which to place 
the unit pole. A cavity of any shape will not do, however, 
for the walls of the cavity will exhibit, magnetism and exert 
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In Art. 32 it is shown that in the case of a uniformly magnetised 
sphere the intensity of the field inside due to the sphere itself is 
|r/, where / is the intensitjr of magnetisation, 'and an examination 
of Fig. 78 will show that this is in the opposite direction to /. If 
this magnetisation he produced by the sphere being in a field of 
intensity //, and if Hi denote the magnetising force in the sphere-— 

II- | t /, 

and comparing this with the expression 
II, = AT ~ AT/, 

we see that for a sphere N = I-tt. 

For an ellipsoid Maxwell gives the formula 

where a, 6, and c are the semi-axes , c bei ng the long one in the 
direction of the field and » = & = The “ dimension ratio ” 

cja is equal to 1/ JIT^ e® ; thus from the above the values of N for 
various dimension ratios may be determined* For dimension ratios 
300, 400, and 500, N has the values '00075, *00045, and *0u03. 


ladtictioH in a MagmatisaMe Body.— We ■ eaii 
Mso define the induction, B, in a manner similar to the 
above. Consider, for example, an indefinitely thin crevasse : 


an influence on the unit pole, so that the force on the latter 
will not be Hp i.e. the force due merely to the combined 
action of the original field • and the end poles ' of the 
specimen. 

Consider, however, a cavity such as is shown at a (Fig, 
452), viz. a long indefinitely thin tunnel in the direction of 
magnetisation. The sides of the 
tunnel will exhibit no magneti- 
sation, the poles at the ends of 
the tunnel will be weak and far 
away from the centre, and will 
not appreciably afect a unit pole 

put there ; thus the field intensity at the centre of the 
tunnel will give the actual value of the magnetising force 
H, in the specimen. Hence the magnetic or magneti- 
sing force II, inside the specimen is measured by 
the force in dynes on a unit north pole placed at 
the centre of a long and indefinitely narrow tunnel 
in the direction of magnetisation. 


294 IKDirClB MAG-KETISATION AND MKARUREMRNT 


cut across tiie specimen (Eig. 452, &), its plaiie^faces being 
perpendicular to tbe direction of inagnetisation. and of 
course infinitely large compared wiili tdio dista,nce l>o,f-woen 
them, and imagine a unit north pole in the crc^fasse. 
Just as the force on unit charge between two oppositeJy 
electrified infinite planes is 4m-p, where p is tlie siirtVice 
density of electrification, so the force on the unit pole due 
to the walls of the cavity is 4irJ. In addition, there is the 
force jffi defined above. Thus the total force on tiio unit 
pole is jETi + 47rl and this measures the induction B. 
Hence the induction on luas density B is measured 
by the force in dynes' on a unit north pole placed in 
an indefinitely narrow crevasse with its parallel faces 
at right angles to the direction of magnetisation. 

The relations of Art. 268 may now be more preeiaely written 
B = III -b 47r/, 


B 


l + 47r 




1 "f 47ric. 


The 4* sign denotes addition when the two terms are in the same 
direction and vector addition in other eases. 

2^1. Magnetisation induced in a Sphere of Permeability 
^ in a Uniform Field in Air, — Let II be the strength of tlm 
inducing field and / the intensity of magnetisation of the sphere, 
both in the same direction. 

If Hi be the magnetising force in the sphere, then, from Arts, 9, 
82 and 269, 

- • Hj. .= Jf.~ firJ. 

Now H j +■ 47r/, 

A -yi? = -Jy -- ir/ 4* H . 

But B = p.IIi = pt. {H — Itt/), 

.V JEr4-|trJ = |7r/). 

From this we obtain the following : — 

3 a - 1 


/ = 


4t * ja 4- 2 


.H, 


, __ 3/4 






>4-2 
3 ^ 

/t4- 2 ' 
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These expressions indicate the marked demagnetisation effect in 
-such a case as the one under consideration. Thus, if ju be 900, Hi ia 

only //, ue, practically of /f, andiSia ?— /f, %,&, prao- 
9ui& oUU 902 

tioally 3/f ; if there were no demagnetisation B would be 900//. 

If K be used instead of /a, then, since k = (/a - l)/47r, we obtain 

,/ = 

3 + 47r/c 

and corresponding expressions can be obtained for B and H^, 

If the sphere of permeability /a be in a medium of permeability /tj 
it is matter of simple proof that 


Hi = 


/t -f 2^41 


which of course becomes //| = ZHIXjj. d- 2) if /xj be unity. 

The reader should compare these results with the corresponding 
results in electrostatics (Art. 104), 

272. Movement of Paraniagnetics and Biamag- 
netics in a Magnetic Field. — It has been indicated 
(Art. 11) that a paramagnetic body tends to move into 
the strongest part, and a diamagnetic body into tlie weakest 
part, of a magnetic iieid. - This has been shown experi- 
mentally, but the fact may also be deduced from theoretical 
considerations. 

The potential energy of a magnet of moment M placed 
at a point in a magnetic field where the intensity is JET 
is (Art, 27) given by the expression 

Potential Energy J/Jf, 

the axis of the magnet being along the field. 

If I be the intensity of magnetisation and v the volume 
M = /y, the al)ov 0 becomes 

'Potential Energy = IvH. 

If the body be origin ally neutral, then, neglecting demag- 
netisation effects and assuming 1-=: kE, may write— 

Potential Energy cc ■— 

iSTow the body in question will tend to move into such a 
position that the pi>tential energy is a minimum. Fora 
paramagnetic k is positive, and — is a minimum when 
E^ has its greatest value ; ihm a paramagnetic will tend ie 
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mom to where the field is strongest For a diamagnetic k is 
megatiTe, and tlie expression ,on tke right becomes kII\ 
which is evidently least, when has its lowest valae ; thus a 
diamagnetic will tend to move to where the Juki i$ wmhest.- 

27S« Force on a Small Magnetic Body in a Mag- 
netic rield,-“For simplicity we will consider the ease of 
a small sphere of susceptibility With the usual nota- 
tion' 

Potential Energy = — IvIL 

Now for a small displacement dz in ilia direction of a 
force F producing the displacement the work done is F.dx. 
But the work done is also given by tlu3 diiference between 
the potential energy at the beginning and that at tiie end 
of the displacement, viz. d(—IvE) ; hence 

F,dx == di-IvH), 
dx 

For the sphere in question it is shown in Art. 271 
that 

T IT 

3 + 4m‘K 


^ ^ 3/c EJH 

i.e. F = -'t. - 

2 3 4“ ^TTK dx 

Thus — (a) if the field is uniform is constant and 
the force on the sphere is zero, (h) if k be positive (para- 
magnetic) F is in one direction, if negative (diamagnetic) 
it is in the opposite direction, and we may draw the same 
conclusion as that at the end of Art. 272. It shotdd be 
noted that k for bismuth, the most powerful diamagnetic, 
is only (— *0000025). 

274. Energy in a Magnetic Field, — Consider a 
closely wound ring solenoid such as is referred to in 
Art, 269. If S denotes the number of turns, I the mean 
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cirQiamference, a the cross-sectional area, and i the current , 
tlie intensity (H) of tlie field' inside is giTon by 


jff = 


I 


and tlie flux density B is given by 
B - ixE 


AirfiSi 


where /a is the permeability of the medium. The flow of 
induction tlirough each tmm is therefore Ba, and as this 
passes through S turns we have for the effective flux 
(Chapter XVIII.)--- 

I 

Putting i eq^ual to unity, the coefficient of self-induction 
L becomes 

and the total energy in the medium is, therefore (Art. 264), 
Total energy = |L# = 

Xow the volume of the medium is, in this case, al, 
hence 

Energy per unit volume = ^ al 


c 


. 4nrix8{ '^ 


HB , 
Stt 


I 

-.tEl- 

Stt 




These expressions should be compared with the corre- 
sponding ones in Electrostatics (Chapter VI,), 
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' 275. Boundary Conditions.— Similarly, brmiiikry ccmditionB 
analogous to those referred to in Electrostatics mir<t bo jsat.iHiied 
when tubes pass from on© medium to aiiOther of diiihront permea- 
bility. These are— 

■ (1) The tangential components of the held must be the Haine in 
the two media. 

(2) The normal components of the indue- 

^ Rj j , tion must be the same in the two media. 

I , Thus, in Fig. 453, from the first condition 

we have 

gin ai = i/g sin 5 

i\ and from the second condition 

^ -Bi COS ax 5= JBxt 

1 ' i.e. j/i cos a| = jajjifg cos ag. , 

Fig. 453. Dividing one of these equations by the 

other — 

tan ^ 
tan ttg jtxg* 

It follows from this that when tubes pass from one medium to 
another of smaller permeability they are bent towards the normal, 
and when they pass into one of greater permeability they are bent 
away from the normal. The paramagnetic spiiere in air iFig. 50 (u|) 
illustrates the latter case, and the diamagnetic sphere in air (Fig. 
50 (6)) illustrates the former. 

276. Theoretical Lifting Power of a Magnet.— This may 
be determined as follows. Let I denote the intensity of mag- 
netisation of the iron. Then, assuming the magnetisation to be 
uniform in the magnet and its attached keeper, we may take the 
surface densities of the charges of magnetism on the opposing sur- 
faces of the magnet and keeper as I and — /, and the force of 
attraction of one surface on the other per unit area of surface is, as 
in Art. 118, given by 27rP. Hence, if A denote the surface area 
of the poles, and the intensity of magnetisation at every point on 
the surface be the same, the lifting power of the magnet in dynes is 
given by 27r/M, where / is expressed in .O.G.S. units. Binee B, 
the magnetic induction in the iron, is equal to 4w/ (// being zero), 
we have I = B/47r, and the lifting power 2irPA can be expressed 
in the form 

Lifting power or Attraction between pole ) B^A , 

and armature ^ j = dynes. 


277. Magnetometer Method of Measuring Per- 
meability, etc.— The method outlined below is applic- 
able to specimens in the form of wires or rods, the length 
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being a.t least f300 or 400 diameters, in wliicli case tlie 
effective magnetising force in tb.e specimen may be 
taken as identical witli JI, the magnetising force as cal- 
culated from the dimensions of the magnetising solenoid 
and the current strength. 

Consider first a long magnet placed vertically (Fig. 
454), with its upper pole N on a, level with, and at 
distance d due magnetic east of, a magnetometer needle 
situated at 0. The field F at 0, in the 
direction NO, due to this magnet is ^ ^ 


cF dr 4 * F 4 p 

where m is the pole strength of the mag- 
net; if the magnet is very long the term d/Xdr 4 may 
be neglected, and we get 


Now consider the magnetometer needle at 0 deflected 
(say) throiigli an angle <9®. If h denotes, in this ease, 
the horizontal component of the earth’s field, then from 
the relation F = h tan 0 (Art. 33} we have 


d" 4 


: h tan 


h tan 0 

~"ir 


p)2 


■ him d....(3) 


^ (#4Fp ■ 

or, using the ap>proximatcv relation ml dr, we have 

, m.= cl7e tan 0 
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' Blit if I be tiie intensity of magnetisation and a tbe 
cross-sectional area, I = m/a, i.e. m =: la ; tiins 


and, since all tbe terms on tbe rigbt-band side are known 
Qi = *18), the intensity of magnetisation I is deteruiined. 
The relation (6) is tbe one invariably used in practice. 

So far we have considered a permanent magnet N8, 
bnt tbe student will now be in a position to understand tbe 

actual experiment. Tbe 
0 specimen of iron or steel 

— - E? .. 5 I j-jc — is placed vertically in- 

^ side tbe magnetising 

LJ solenoid 88 (Fig. 455), 

its upper end being on 
a level with tbe mag- 
netometer needle, Tbe 
5 solenoid is in series with 

— — — a battery B, gaivano- 

meter Q, and variable 
I’ig. 465 , resistance Since the 

current in tbe solenoid 
a:ffiects the needle, the circuit also includes a compensating 
coil 0 ; with the specimen removed and a current passing 
tbe position of G is adjusted until tbe magnetometer 
needle is unafected, in which case G is cancelling the 
effect of tbe solenoid. The specimen is now inserted, a 
current passed, and the intensity of magnetisation I calcu- 
lated from the relations (5) or (6) above. 

Tbe effective magnetising force may be taken as equal 
to H, that due to the solenoid, and tbe latter is given by 
tbe expression 


where 8 is the total number of turns of tbe solenoid, 


I 
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its length, ■ and, i the current in absolute units giyen by 
the gaivanometer {?. Thus we' have for the specimen in 
question (using the relation (6) for simplicity) — 

j __ tan Q 


Z.— ^ 

M imSia * 


^ z=z H + AttI zzz (Sia-^d^l^ tan 9) ^ 

l^a * 

B Sia + dViL tan 0 

f^=s = — — • 


As the rod is vertical it is subject to the inductive action of F", the 
vertical component of the earth’s field (F = *43) ; for this reason the 

magnetising field is, to be exact, ± V ; this should replace M 

h 

in the above. A better method is to eliminate the effect of V by 
winding over the first solenoid a second solenoid connected to a 
separate battery; with no current in the solenoid SS, the un- 
magnetised rod is inserted, and the direction and strength of the 
current in this second solenoid so arranged that the needle remains 
in its true zero position ; this earth neutralising current is then 
kept constant throughout the experiment. 

In practice a series of values of $ and » are obtained, starting with 
i small and increasing to a maximum ; this is done by varying the 
resistance E, Readings are also taken as i is reduced from the 
maximum to zero. By having a reversing key in the circuit i can 
be reversed and increased to a maximum, then reduced to zero, 
and again increased to a maximum in the original direction. Thus 
all the details are obtained for the plotting of iJ./f., A H'., and 
hysteresis curves. , 


278- BalEstic Method of Measuring Permeability# 
etc- — In this method the specimen is in the form of a 
ring, in which case, as there are no free poles, the effec- 
tive magnetising force in the specimen is identical with 
that calculated from the dimensions of the solenoid and 
the strength of the current. 

The apparatus and connections are shown in Fig. 456. 
The magnetising solenoid is closely wound over the ring 
and is connected to a reversing key a battery F, an 
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adj.ustable resistance E, and an ammeter or galvano- 
meter A. , An additional .coil D, consisting of a few turns 
is . wound over : a part of tlie ring and connected to a 
ballistic. galvanometer BG, and, a standard imluctor—- -saj 
an eartli coil BG, 

The earth coil or inductor is first placed with its plane 
horizontal, and rapidly rotated through 180 ° about a 



F 


Fig. 456. 

horizontal axis in the magnetic meridian, and the tlirow 

6 of the ballistic galvanometer is noted. If F be the 

vertical component of the earth’s field, n the number of : 

turns and a the face area of J70, and B the resistance i 

of the circuit made up of D, BG, m.d BG, the quantity 

induced is 2VnalB ; but the quantity induced is also 

given by lc9, where /<; is a constant for the galvanometer ; i 

hence 

i.n ^ 2Fm d r _ 2Vna 

^ IT; •* 

A small current ij is now st^arted in the magnetising ' 

solenoid; this produces a flux density (say) in the 
specimen, and a momentary induced quantity circulates 
through the ballistic galvanometer circuit, producing a 
throw Oy If di be the cross-sectional area of the ring 
the total flow of induction is and if there are 
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turns in tlie coil D the quantity induced is. hj^a^nJB ; but 
the induced quantity is also hence 


M 

.% &i = 


JcO^, 

JcBO^ 
aM, * 


and, substituting the ralue of Jc previously obtained, 

2Vna 0i . 




0 


thus bi is known . 

The current is now increased by a further step %% pro- 
ducing an additional flux density %% ; if 0% be the galvano- 
meter throw — 

, 2Yna 6^ 
h = 

tijO-i a 

This step by step process is repeated. If B be the 
final flux density and i the final total current — 

^ =r 5^ -j- ^2 “b "h = k 5 

. xr ^ifTrSi 

and 


JET: 


I 


where 8 is the number of turns in the magnetising 
solenoid and I the mean circumference of the ring. 
Knowing B and H, /x, k, and I can be obtained from the 
relationships previously established, and the various curves 
may be plotted. 

A better method is to reverse the field by means of the key S and 
observe tlie throw 0, which, of course, is then due to a change 2B 
instead of B for any value of the magnetising current. Further, a 
standard solenoidal inductor is much better than the earth inductor 
for the calibration part of the experiment. 

■■ 279. Energy' dissipation due to Hysteresis, — In 

Art. 10 it is stated that the loss of energy per unit 
volume for a cycle of magnetisation is represented by the ■ 
area' of thelH hysteresis loop, or by the area of the 'J?fl 
hysteresis loop divided by 47r ; these facts can now be 
readily established. 
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Let,: tli 0 'momeat^ (magaetic)- of .one of tlie molecular 
magnets,,, of the specimen be 'M and, iet„a. be the, .angle, 
between its magnetic axis 'and the . direction of the mag- 
netising field.. The component moment in the direction of 
the field is M cos a, and the sum of these, %,e, Sllf. cos a, 
for all the molecular magnets in unit Yolnme will be' the 
intensitj of magnetisation I since the .sum of the' other 
components perpendicular to the field, viz. SJC sin o is zero. 

Thus;—' 2Jfcosa = I, 

d^M cos a = dl, 
ie. . “ 2ilf sina . da ■ == dX 

Again, the couple due to the field acting on the molecular 
.magnet of moment M when it is inclined at an angle a to 
. the field is. MM sin a (Art. 20), and the work done when it 
moves /through, a small angle do. is couple x angle, Le. 
ME sina,da'or — - JfAf sma.da if da be a small reilm- 
in the angle a, 'Emm mnsidering again the unit 
volume i — 

W'ork per unit volume = — 2MM sin a . da 

■= M(^ — 2Jf sin a. do) if M Im 

assumed constant, 

-mi 

The truth' of the above may 
also be seen as, follows:— Con- 
sider a cube nf , the,, material,, of 
. one centimetre side and let I be 
the intensity: of.,^magiietisation.., 
and the field. This cute may 
be .viewed' as;: a, .magnet .1 cm.: 
long and of pole strength + I 
and —I. Let the intensity', 
change from ,:THs''.. 

is equivalent: to a po'le ' of' strength,' 
d/ being carried from one face to 
the opposite face through a distance of 1 cm. Hence since 
M is the field, Hdl is the force, and the work done for the 
1 cm. path or the change of energy per unit volume is there- 
fore given by the expression;— 
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Work par unit volume = EdI. . 

' Now let .OA , (Fig. 457) be the' magnetisation curve 
(LH.) of a specimen of iron and consider a small step in 
'the process represented by PQ. The step is supposed to 
be so short that the magnetising force may be assumed 
constant during the step and of magnitude Pjp or Qq 
which for a very small step are equal. Let this be denoted 
by M. Let the intensity Op be I and let 0^ be I ■+ dl 
so that pq represents Since the work done o» the 
material per unit voIumelSlnagnetising is Hdl, this work 
for this short step is evidently represented by the shaded 
area PQ^JP* Olearly then the work done on the material 
per unit volume for the whole magnetisation represented 
by the path OA will be the sum of all the small areas such 
as FQqp for all the short steps into which the magnetisa- 
tion may be supposed to be divided, Le, it will be repre- 
sented by the area OPQAaO, Similarly if the field be 
reduced to zero (in which case the curve AG is obtained) 
the work restored, i.e. the work done by the material per 
unit volume will be represented by the area AaGA. 

Hence . 

Excess of work done on unit volume ) _ OPQACO. 
over work done by unit volume ) ^ 

Consider now the com- 
plete hysteresis loop shown 
in Eig. 458. From what 
has been said, the horizon- 
tally shaded areas represeiit 
work done on the material 
per unit volume, and the 
vertically shaded areas re- 
present work done by the 
material per unit volume, 
and, as appears from the 
figure, the excess of the ivork 
: ■: done on the material per • ■ 

unit volume' over that done , , 

by it is represented by the area of the hysteresis loop DAB GD. 

' If in the hysteresis diagram the ordinates represent B 
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and not I, thent since B =■ 4^1 + jS*> it is eTideiit that the 
length of each ordinate intercepted by the loo^^ will be 47r 
times its length on a diagram where the ordinates repre- 
sent I. Hence, if we suppose the loop to be divided into 
an infinite number of vertical strips, the area of each strip 
in the B,H diagram will be 4ir times the area of the same 
strip in the I, if diagram. But we have shown tiiat the 
area of the loop on the I, iff diagram represents the energy 
dissipated as heat in unit volume of the material, there- 
fore on a B.M diagram the area of the loop divided by 
47r will represent this energy. 

The latter fact is also seen from the relation 
EdB = ^irHdl + iMH, 

f HdB = 4w ( Hdl + I HdH, 

J & 

where I is 'the integral 

0 

round the whole path. 
The term | Ildll is siero, 

for if If be plotted 
against M the result is 
a straight line, for which 
the enclosed area, is 
zero ; •hence the BiT'area 

j EdB is 43r times the 
0 

IE area • 

The energy in question is dissipated as heat in the material. If 
d he the density of the material in grammes per s the specifio 

heat, and i the rise in temperature, 

Heat produced in unit volume = dst 

Area of cycle 
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and 
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This gives the rise in temperature per cycle of magnetisation. The 
work per unit volume per cycle is of the order 10,000 ergs for soft 
iron (annealed) and 
118,000 ergs for hard 
steel Fig. 459 gives i^S(M)00- 
hysteresis loops for soft 
iron wire (a) and an- 
nealed steel wire (b), 
and clearly brings out 
the marked loss of en- 
ergy in the latter case. 


■a 


tfom- 


280. Tlie Mag. 
netic Circuit. 
Magnetic Circuit 
Units. — Consider 
the case of an anchor 
ring of iron magnet- 
ised by a current; 
passing in a wire 
wound closely round 
it as shown in Pig. 
460. As previously 
indicated, the inten- 
sity, ff, of the field 
inside is AfrrSIjl, 
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where I is the current strength and the flux density 
= /iJJ is iiTTfiSIjl, where /x is the permeability of the 
iron. If a denotes the cross-sectional area of the iron, 
the total induction across any sgction 
of the iron ring is given by ; " 

I 

4w8I= —F. 

a/x 

: hTow 44r8I being equal to 4iw8I/l 
multiplied by I evidently ■ denotes the 
work done in carrying unit, pole round 
the .axis of the 'co.il against the mag- 
netic force 47r/S^I/|, that is,, 4 ^j 8^I gives the difference of 
magnetic potential for the circuit of the ring. Also F 
M. AND K. 45 



Fig. 460 
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denotes the total flow of induction round the_ circuit of 
the iron ring. Comparing this magnetic circuit with an 
electric current circuit, -4x81 corresponds to the electro- 
motive force and F to the current or flow of electricity. 
Further, comparing the above expression with the corre- 
sponding' oii6 for a>n oloctric circuit, viz. 

E = Ml 

it will be seen that l/aft corresponds to B, the resistance of 
the circuit, and since M = pl/df where p is the specific 
resistance, l/p> corresponds to p. The analogy here indi- 
cated has suggested the name magnetomotive force for 
47 rSl and magnetic resistance or reluctance for l/ap. 
Just as in the current circuit we have 
Electromotive Force 

■' “ W^’ 


Current 


Resistance 
so in the magnetic current we have 

Magnetomotive Force 

Induction or Flux = — ^ — 


i.e. F ' 


Reluctance 

3I.M.K 


where M.M.F. is 4irSI and Z is l/ap ; it is well to remem- 
ber the more detailed expression 
pv ^ 47rSI 


The term reluctance is used in preference to resistance, for i/afjL is 
not the true analogue of electrical resistance. Thus taking l/pt to 
correspond to raecific resistance, p. should eorreswnd to Kpecific 
conductivity. But /C4, the permeability of the meamin, really cor- 
responds to specific inductive capacity, and the real analogut of a 
piece of magnetised materiaZ i» a polarised diekcirie^ the positive and 
negative charges at each end of a tube of induction in the dielectric 
corresponding to the positive and negative charges at each end of 
the tubes of induction passing through the magnetised material. 
Again, whilst the resistance of a conductor at a given temperature 
is independent of the current strength, the reluctance in the case of 
the magnetic circuit varies considerably with the induction or flux. 
Further, the electric circuit involves the expenditure of exiergy as 
long as the current in the magnetic circuit energy is only 

required to establish the flux. 
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From tlae preceding we maj' define “ magnetomotiv® 
force” as being nmnerioally equal to the work dona on a 
unit north 'pole in carrying it once round a closed, 'magnetic 
path against the 'magnetic force ; “ reluctance ” may be 
defined as the magnetic resistance offered hy the substance 
to the passage of magnetic flux, and hence ‘‘ relnctivity ” 
maj be defined as the magnetic resistance offered to the 
passage of magnetic flux between two opposite faces of a 
centimetre cube of the substance. 

The stucient mast carefully distinguish between magnetic or mag- 
netising force and magnetomotive force; thus in the preceding the 
magnetic or magnetising force is 4 :^ 81 % but the magnetomotive 
force is iw'SL 

The idea of a magnetic circuit in which 'magnetomotim 
force and reluctance are related by a law corresponding to 
Ohm’s law has been found extrenielj useful in the design 
of dynamos, motors, and other electromagnetic machines. 
Thus in a magnetic circuit made up of soft iron, cast iron, 
and air gaps, if /x^ denote the permeabilities, Zj, Zg, Zg 
the lengths, and the cross-sections of these 

materials, we have for the circuit 

Total reluctance = -f- Ji — p _i... 

Vz 

If the magnetising coil for the circuit has S turns and 
carries a current I, then 

Magnetomotive Force = 47riSI, 
and the flow of induction round the circuit is given bj 
■ 47rSI 

* 

OF' generally 

2L' ^ 

ap 

This result brings out very clearly how a very narrow 
air gap in a magnetic circuit may, because of the com- 
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paratively small value of 7* for air (unity), cause a large 
increase in the reluctanceVand therefore seriously diminish 

the total flow of induction round the circuit. 

If the current be in amperes, M,M,F: = 4ir6fJ/10 =2 
1*257/51, and the above expression becomes 

1-257/SI 


/SI: 


E A 

af& 

‘SF2 - 


I 

aji 


The product 8T of the number of turns and the current 
in amperes is called the ampere turns.” 

Example. Find the number of ampere turns needed to send a 
flux of 40,000 unit tubes of induction through a closed soft iro7L ring 
formed of square iron of 2 cm, side bent into a circle of outside 
diameter 22 cm. Find also the ampere timis for the same flux if the 
ring be cut into two halves, the two halves being separated by two air 
gaps each of 1 mm. 


Case 1. © = 2 x 2 = 4 sq. cm. 

I ss T X mean diameter = 207r cm. 

F _ 40000 
a 4 

From curves for soft iron, when .6 « iOOOO p = 1900, 


.8 = 


iOOOO. 


207r 


Case 2. 


i.e. Ampere turns = 264. 

a (for air gaps) = 4 sq. cm. 
I „ „ = •2 cm. 

fj, „ ,, = 1 * 

207r 


8/ = *8 X 


40000 ( 


+ - 


4 X 1900 ‘ 4 X 
i,e. Ampere turns = 1864. 


t)* 


The following magnetic circnit units have been sug- 
gested, but they are not extensively used : — 

Magnetic Field , . . ... 0auss (Art. 18) 

Magnetic Induction or Flux (F) ...... Maxwell 

V. ' ; , , ■ , '(formerly the Weber) 
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Bll 


Magnetomotive Force Gillbert 

, Reluctance Oersted 

Oersteds 


281. Work on tlie Engineering Side.— The importance of 
the determination of the magnetic properties of iron, etc., in elec- 
trical engineering practice has led to the introduction of several 
commercial instruments and methods for the purpose ; thus we 
have Ewing’s Hysteresis Tester, Hop- 
kinson’s Bar and Yoke, and Ewing’s i—™ 

Double Bar and Yoke, Ewing’s Per- 
meability Bridge, Drysdale and Thomp- ^ 

son’s Perraeameters, etc. Space will p 

permit only of a brief reference to one 
or two here. 

(1) EWING’S HYSTERESIS TES- 
TER — This is shown diagrammatioally 
in Big. 461. M is a permanent magnet 
pivoted at Y so that it can move in a 

plane at right angles to the plane of / 

the paper ; it carries a pointer P which [ \ M 

moves over the scale S\ a control y 

weight Wf and a vane V which, moving 9 I 

in oil, renders the instrument dead hjEa-i 
beat. The specimen 6' is pivoted at X i'isr li cS 
and can be rotated between the poles „ i |X I 
of M by means of the hand wheel II. i| 

As the specimen rotates it is magnet- ^ FI W 
ised b 5 r the field of If, the lag in © I / 

magnetisation causing it to drag the 
magnet M after it, thereby producing 
a certain deflection of P over the scale > I » 

S’ ; the greater the lag the greater the 

deflection, so that the latter is pro- , 

portional to the hysteresis loss in the 

specimen. The instrument is calibra- ’ -ri.-o, 

ted by means of a specimen of known 

hysteresis supplied with it, 

(2) THOMPSON’S PERMEAMETER.— This is shown in Fig. 462. 
The rod under test is a good fit at A, where it passes through the 
WTOi^ht-iron yoke, and it also makes good contact with the yoke at 
O'. The rod carries a magnetising coil, so that the magnetising 
force if is known. With the current passing the contact at <7 is 
broken by a pull on the spring balance, in which case it can be 
shown that 
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pounds and /S' the area in square inches of the 
7 ; thus B is determined. 

■ (3) HOPKINSON’S BAR AND YORE.- 
The bar to bo tested carries a magnetising 
coil and is fixed into a heavy soft iron yoke 
(Pig. 463). A secondary coil 8 encircles; the 
middle of the rod and is connected to a bal- 
listic galvanometer, and the throw Q is ob- 
BArvfid when the masnetising current ja 


YOKE 


YOKE 


But F = Bcx^i ; hence 


V / 

and, as B is known from the throw of the ballistic, /ij is deter- 
mined. 

282. Work on tke Experimental Side. — Much experimental 
work has been done on the determination of k and especially for 
bodies other than the ferromagnetics. 

(1) ROWLAND'S EXPERIMENTS.— Rowland determined the 
susceptibility of crystals of bismuth and calc spar by finding the 
time of vibration of suitable specimens in a magnetic field. 



I 
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Theory shows that 


= 2ir - 


d 


where t is the period, d the density, and P and <3 factors depending 
on the variation of the field along and perpendicular to the axis. 
The variation was found by means of a small inductor and a bal* 
listic galvanometer ; thus k was determined. 


(2) CURIE’S EXPERIMENTS.— Curie has carried out a series 

of elaborate experiments on the determination of k and the effect of 
temperature, the basis of the method being to attach the body under 
test to a torsion arm and to measure the torsion necessary to keep 
it at a given point on the field of an electromagnet. The ratio of 
the susceptibility to the density was called by Curie the '‘ Specific 
coefficient of magnetisation (y).” . , , 

For most diamagnctios it was found that 7 does not vary with the 
field, nor does it vary with the temperature except in the cases of 
bismuth and antimony, which show a decrease in 7 with rise in 
temperature. For bismuth the following has been found to hold 
between the temperatures 20° 0. and 273° 0. — 

10«7 = 1-35 [I - -00116 {t - 20)]. 

In the case of paramagnetios Curie found that the product of the 
specijlc coefficient of magnetisation and the absolute temperature is con- 
which is another form of Curie’s Law referred to in Art. 11. 
Glass if paramagnetic at ordinary temperatures was found to be- 
come diamagnetic at high temperatures. For iron the value 7 
decreases with the temperature, and at 1000° C. it was found to be 
nearly the same as for air at 20" C., but the decrease is by no means 
regular. 

(3) FLEMING AND DEWAR’S EXPE RIM FiNTS.— These ex- 
perimenters investigated the susceptibility of oxygen at very low 
temperatures ; their results indicate that at — 182° C. the value of 
10®/c is 4* 324, which gives a value for fi of 1*004. 

(4 ) WEISS’ experiments.— W eiss determined the value of I 

for iron, nickel, and magnetite at the temperature of liquid hydrogen 
and found that the moment per gramme molecule is, in each case, a 
small integral multiple of 1123*6. Weiss calls this the ''mag- 
neton gram me,” and concludes that in each atom of these sub- 
stances there is at least one fundamental magnet having a constant 
moment (3/ = 16*4 X the same for each of them, and this 

fundamental magnet he calls the " magneton.” Calculation shows 
that iron, nickel, and magnetite contain 11, 3, and 7 of these mag- 
netons per molecule respectively. 
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Exercises XVIII. 

Section B. 

(1) Describe the ballistic method of determining the relation 

between the magnetisation and the magnetic force of iron in th© 
form of a ring. fB.E, Hons.) 

(2) Explain in detail some method of measiiriog the energy lost 

through magnetic hysteresis,’ and describe some of tlie principal 
results of experiment. (B. E. Hons. ) 

Section C. 

Define magnetic force, and magnetic induction, i>*. Show 
that the energy per unit volume of the magnetic field between two 

plane poles is given by . {B.Sc.) 


Stt 


(2) Prove that the area of the cycle denotes 4ir times the 
energy dissipated per o.c. of metal during each magnetic cycle. 

(B.Sa) 

(3) A long solenoid of ten turns to the centimetre contains an 

iron rod 2 cm. diameter, cut in two. Find the force necessary to 
separate the two halves of the rod when a current of 3 amperes is 
flowing in the solenoid ; given that on reversing this primaiy 
circuit 60 micro-coulombs ifow through a secondary circuit of ten 
turns wound round the iron rod, and having a total resistance of 
100 ohms. (B.Sc.} 

Define magnetic induction, By and magnetising force, //, and 
give an account of an experimental method of determining their 
relation for a specimen of soft iron. 

V(fi) Show in what features a magnetic circuit is analogous to an 
ele^io circuit. In what respects does the analogy fail ? fB.So.) 

'^^(6) In what respects do the magnetic properties of iron and steel 
differ? Define the terms intensity of magnetisation (/), induction 
{B)y and magnetic force (if)* How do you obtain the relation 
B = if -f47r/? {B.Sc.) 

(7) Discuss the effects of. and the methods of dealing experi- 
mentally with free magnetism in the measurement of magnetic 
permeability. Find an expression for the effect of a thin radial 
crevasse upon the magnetisation of an anchor ring. (B.Sc. Hons.) 

(8) Show thatthework per cubic centimetre performed in taking 

a specimen of iron through a cycle of magnetisation is represented 
by the area of the cycle upon the /i - / diagram. Descril)e how 
tlie energy loss due to hysteresis may be determined for a given 
material. (B.So. Hons.) 
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ALTERNATING CTJEEENTS AND TEANS- 
FOEMEES. 


283- Circuit with. Resistance hut no Inductance 
or Capacity. — In the case of the rotating coil of Art. 241 
the following relationships have been established : — 


Induced E.M.F. 

Instantaneous Value (M). 

Maximum Value {Eq). 

E = SA E(a sin a 
s= 8 A II (a sin wt 

E = 2irnSAE sin oit 

E Bin 

Eq^SAEu^ 

Eq^^^ttuSAE 

„ 2t8AE 

-^0 


i.e. E' = -EfQ sin tat. 

The current I at any instant is given by 
W 

Izz: ^ sin b>t =: sin 0 )t, 

jB 

where 4 denotes the maximum value of the current, viz. 
MJB- Thus both the current and the E.M.P. are harmonic 
with the same period and phase, but of dffierent ampli- 
tudes. ' 
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. ; . The meaning of .the terms used above and in succeeding sections 
may again be noted. If at a particular inonu;nL an alternating 
E.M.F. has a certain value, .and is just going to coinmenc^i a certain 
■ set of variations,, then 'the' time which elapses between tiiis instant 
and the moment when the E.M.F. has the same value and is going 
to commence an identical set of variations is called the i^eriod 
and the number of periods in one second is called the fx*eQiieiiLcy («), 
the maximum; value of the E.M.F. being called the amplitude. 
In certain cases, the maximum ' current occurs the maxiraiim 
E.M.F. and the current is then said to lag, -whilst in certain other 
.cases it occurs. 6c/ore' and. is then said to lead; the lag and lead are 
spoken of as the phase differ eaee, 

' 2E4, Circuit with ' Besistance and Inductance.— 
Perhaps the simplest method of invesrigation is to suppose 
a . simple harmonically varying or alternating ciirreiit exists 
in a circuit, and to find what must be the nature of the 
electromotive force in the circuit in order to produce such 
a.current. , Let .the current in the circuit be denoted by 

, j= . 

Hence dijdt is Igco cos u>f, and the induced electromotive 
force due to self-induction, gi'ven by Mljdt/m,. cos 
Now by applying' Ohm- s Law to the circuit we get 

E = IB + Lf. 

■ ' ' ■ ■ di ■ . 

, B =: sin tat + cos mI, . 

i.e. M zsz Iq [iJ sin mt .j. g0g 

This may be written 

B = Jj, + ZfV sin (mt 4-^^), 
if — eog (f, an4 ‘ . 

that is, if 

E =-ii - (1) 

Here the maximum Talue of E is I, VW+'P^\ und if 


..this be denoted by B^ we have 


: Bf^ sin (fat + 
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Hence when the current varies harmonicallj in a circuit 
the eiectromotiye force in the circuit also varies harmoni- 
cally, vrith the same freque ncy, and th e maximum value of 
the electromotive force is VE" -f times the maximum 
value of the current. The phase of the electromotive 
force is, however, in advance of that of the current, or the 
pIidSB of the cutfewt lot^s beJiiud thot of the electvo'niotwe 
force hj <ly/2ir cf a complete period, the angle of lag <l> being 
such that tan 4>=zLiiilE, where E is the resistance, L 
the self -inductance of the circuit, and <d/2t the frequency 
(fi) of the alternations of the current and the electromotive 
force in the circuit. Hence, if the electromotive force in 


the circuit be given by 

( 2 ) 

then for the current we have, from the above, 

I = sin (wi — • (3) 


i.e. J‘ 


-sin {(at — <f)) 


since Iq, the maximum current, is given by 




^E^ -f- 4nrVJ? 


The quantity VE^ -h is called the impedance of 
the circuit (it may be defined as the elective resistance en- 
countered by an alternating cur- 
rent) and the quantity Lta is 
called ^ the, ^ reactance^pf 

cuih These quantities and their 

relations are best remembered by 
the triangle shown in Fig. 464 ; 
the hypotenuse is the impedance, 
the base the resistance, the ver- 
tical the reactance, and the angle 
between the base and the hypotenuse is such that tan <f> = 
i.e, it is the angle of lag. 

The student may prefer the following treatment of the 
preceding ;--r 
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, In a circuit containing inductance and resistance, if follows tb© 
simple harmonic law, M ^ £Jq sin w^— 

IR + = Eq ein mt, 

at 

'Bom assume as a trial solution that 

/ = ^ sin {(jiit — «/>), 

where Z and tp are to be determined. Substituting— 

ZR sin {(at - + ZLta cos [tat - ss Mq sin mt (6) 

ZR (sin (at . cos ^ - cos (at . sin 

-f ZL(a (cos (at . cos <p + sin wt . sin 4>) = sin 
i.e, {ZR cos <p . sin tat -j- ZL(a sin tp . sin (at) 

- {ZR Bin <p cos (at - ZLta cos tp . cos (at) ^ sin wt. 


Hence, equating coefficients — 

ZR cos (p + ZLia sin (7| 

- ZR sin <p + ZL(a cos 0=0 (8) 

Squaring and adding — 


Squaring and adding — 

Z^R^ + ZW^(a^ = i.e. Z^ {R^ + 



:.Z:= 

Eq 

Jst + L^a> 

» 



and 

/ = 

K 

Jli'‘ + i/V 

sin {tat ■ 

“ 0) 

(9) 

From (8) 

tan <p = 

L(a __ 2TrnL 

R R 



(10) 

Further 

/o = 


es: -- 

E„ 

(11) 



’JM'‘ + Z/V 


>f 4T'hi^& '' 


285. 0rapMc ■Riepresentatioti.— The relation between the 
impressed (A'), the effective {IR), &nd the self -induced (Xri//<ii;) electro- 
motive forces expressed by the equation 

E = IB+L^ 
dt ■ 

can be represented graphically. Each of the quantities varies har- 
monically and may therefore be represented by the projection of the 
radius of a circle revolving with a period equal to \ hat of the elec- 
tromotive force alternations. The self-induced electromotive force 

- ~ lags a quarter of a period behind the effective electromotive 

dt 

force IR, for when one is at its maximum the other is at zero value. 
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If in Fig. 465, therefore, 0-2/ represents the maximum value of the 
eiBfective electromotive force and ON the maximum value of the in- 
duced electromotive force, then OP drawn parallel to NN will 
repref-ent the impressed electromotive force. For, since OPMJN is 
a parallelogram, the projection of OP on any straight line through 
0 is equal to the sum of the projections of OP and ON. Hence, if 




the dgure OPEN be supposed to revolve round 0 in the direction 
of the arrow, the projections of OP, ON and OE on the line OX 
(Fig. 466) give at any instant the instantaneous values of 

- and IR, and as geometrically the projection Oe always 

dt , 

equals Op 4- 0« the construction expresses the relation 

The angle POE evidently represents the angle <j> of the above ‘ 
formula and indicates the lag of the current alternations behind 
those of the electromotive force. Note that in the Figures the 
letter Q is used for current, 

. 286. Tlie “ Square Hoot of tlie Mean Square '*C?ur- 
reut. — ^As the strength of an alternating current varies 
from instant to instant it is necessary to specify how the 
strength of such a current is measured ; themeanor average 


i 
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value of the current for a half- period is not used for this 
purpose, but a value known as the square root of the mean 
square current is used. 

Let the curve AOB (Fig. 467) represent the current for 
a half.period. Since the abscissae of the curve represent 
time and the ordinates current, the area between the curve 
105 and the line AB evidently re|>resents the quantity of 
electricity carried during the half-period. For in any very 



short time represented by ah the quantity tliat passes is 
given by ac x ah, the area of the shaded strip standing on 
ah, and this is true for every sliort interval into wdiieh the 
half-period repi^esented by 15 can be divided. lienee the 
area AOB A represents the total quantity of electricity 
carried by the current during the half-period, and the 
average current can be obtained by dividing this quantity 
by the time of the half-period. 

Case 1. To show that the average current i.e. ’QZI of the 

Yivaximum current — Let t be the half-period, /« the average current, 
and I the instantaneous current ; then 


^ ^ Jo 

SS £l r - cos T -f cos ol 2^9. 

we L J mt 

(see also Art, 2#!)* 


"lr 

cos iiSt 


r= — Jn, since w ; 

V 
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The square root of the mean square value, the vaiiie which 
is always used to measure the current, may be found as 
follows. Let a curve AOB (Fig. 468) be drawn for the 
half -period, with abscissae representing time but with ordi- 
nates representing the square of the current at any instant. 
Then the area of the strip 
abed represents the value 
of Pdt, where dt is the very 
short time represented by 
ah and P is the square of 
, the current strength repre- 
sented by ac or hd. The 
area of the curve AO BA 
therefore represents 2P , dt 
j for the half-period, and the ^^58. 

value of '2P . dt divided by 

the time of the half- period gives the mean square value for 
. the current, and the square root of this gives the square 

i root of the mean square value. 

(! The reason for taking this value will readily be under- 

l stood. The heat developed by a current J in a time dt in a 

I resistance E is PR . dt or R . Pdt, hence the heat developed 

{i in a resistance R by an alternating current during a half* 

j period is R'ZPdt, and if J be the square root of the mean 

! square current for the half-period t then IH = 2P . dt 

I The heat developed in the resistance R by the alternating 

I current whose square root of mean square value is I is 

I therefore the same as the heat developed by a steady con- 

I tinuous current of strength J in the same time. That ist 

} the alternating current is measured hy the strength of the 

’ steady current which would /produce the same heating effect. 

The square root of the mean square value is called the 
virtual value and is the value given by alternating cur- 
‘ rent instruments. 

j ' ' _ , _ . 

I Case S. To show that the virtual current is 1/^/2, ie. *707 of the 

1 ■■maximum current , — If I denote the virtual current, 


_ / 

* f // sin* M. (lt\ 

\ t } \ 




I 
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ss ^I±j Bin^wi.d^J = sia’’^ h}i , 

xtai 2/ * 


(TT - iVf). 


s.e. 




From the above it follows that a virtual ampere is 
one which will produce the same heat in ii resistance as a 
steady current of one ampere will produce in the same 
time, and a virtual volt is one which when appli(id to the 
ends of a resistance results in the same heating effect as a 
steady pressure of one volt applied for the same time. 

In practical work the only Tallies ever dealt with are 
virtual values, i.e, instrument readings, except in very 
special cases. Clearly, however, the formulae of Art. 284 
can be used with virtual values, as is illustrated by the 
following example : — 

Example. An alternating pressure of 100 volts {virtual under- 
stood) is applied to a circuit of resistance 0*5 ohm and self-induction 
O’Ol henry, the frequency being cycles per second (50 What 

will be the reading of an ammettr in the circuit and what will be the 
lag in time between pressure and current ? 


We have 


Again, 


100 


\/(0-S)* + 47r»(50)“ (0-01)*’ 

/. J = 31*2 amperes (nearly). 
Ammeter reading = 31 *2 amperes. 
, 27r X 50 X 0*01 


tan 0 = ‘ 


0*5 


6*28. 


<|!> = 81® (nearly) 

and lag in time = x second = second. 

In this example 31*2 amperes will be the virtual or ammeter read- 
ing, because the pressure is given in virtual volts. Tlio current 
will fluctuate between 31*2 x s/2 amperes, first on© way and then 
the other, and it will reach this maximum value second 
after the pressure each time reaches its maximum value of 
100 X \/2 volts. 
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287 » Power«— The rate of doing work or the activity of 
a current is, in the case .of a steady current, given by j^J, 
where J/ is the E.M.F. and I the current. In an alternat- 
ing current both E and I vary harmonically and they 
differ in phase. From the relations given above we have 
E Eq sin <s)i, 

I = Jq sin ((at — <l>). 

Hence the activity at any instant is given by 
El = EqIq sin (at sin ((at—4>) = \EJ[^ [cos cos (2(at—<fi)], 
During a half-period the angle 2(at and therefore 
(2(at — changes by 27r, and the mean value of its 
cosine for the half-period is, therefore, zero ; hence the 
power or activity of the alternating current in which the 
alternations follow the simple harmonic law may be given as 
|FoIo cos <l> 

for a time equal to any integral number of half-periods. 
Since 


Wo • 


we may write 




Power = El cos <j>. 


Also, since cos = 


VR^ -f DV 


Power = El 


E^E 


Vjss + E^ + W 


Fig. 469. 

If we plot a power curve for a given alternating current 
by plotting the values of El as ordinates to times as 
M. AHB E. .. - 46 
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abscissae, as in Fig. 469, we notice tlmt tlie work ilono bj 
the current as represented bj the area of the curve is 
partly positive and partly negative, that is, during certain 
short periods occurring periodically the current gcuierator 
gives out power, and at other periods it al^sorbs power. 
The shaded areas in the figure represent the power given 
out, the dotted areas the power taken in, and the difference 
of the two sets of areas during a complete period repre- 
sents the total work done during the period. Note that 
in the Figure the letter C is used for current. 

288. Choking Coils. — It is evident that for a coil with an iron 
core the quantity Lfx must generally be large, for fi may be very 
great. Hence, if an alternating eiirrent be sent tljrough a low 
resistance coil with a soft iron core, the retardation of the current 
relative to the electromotive force in the coil will be practically a 

quarter period, for cos d> = or, if M be small and L 

large, cos = jR/jhw, and i?/iyw being very small ^ is nearly ir/2and 
cos (f> therefore nearly zero. This shows that Eil cos the power 
absorbed by the coil, is very small, although on account of its large 
impedance, q- ii V, it admits of the passage of only a small 

current through it. Such a coil is usually called a choking coil on 
account of its effect on the current, and choking colls are largely 
used in alternating current circuits for the purpose of adjusting the 
current to any required value without waste of energy such as 
takes place when a regulating resistance is placed in the circuit of 
a continuous or alternating current. 


280. Circuit with. Besistauee^ Xuductauee, and 
Capacity. — When a harmonically varying electromotive 
force Eq sin uyt is applied to a circuit containing a resist- 
ance B with inductance L, and a capacity C in series, we 
have 

IB + L^^ + r=E,smu>i ( 1 ) 

where T is the current and F the potential difference on 
the condenser. If Q be the charge on the condenser at any 
instant V = Q/C, and we get 


TP n- 


a 


- w 
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i ^ sin — <f>), 


.% Q = 


cos (tat — 


Substituting in tbe equation above, 

2j 

ZB sin {mt — - <^) + LZ<^ cos (mt — <^) — ^ cos — - 0) 

= Bq sin 

ZB sin (co^— ^^^cos = Eq sin U. 

TMs is identical with, equation (6) of Art. 284, except 
that in place of Ao) we have as in that section 

the solution is 


V^+ (j 


-sin {wt — <5?>)..,(3) 


E2+ 




( 6 ) 


and clearly, if Lm = 1/Ow, i.e. if 2^1/ = Il2vn0t capacity 
and inductance neutralise, the angle <{> is 0% and 

y^Ef^sinuit r — -^0 

Thus the current and the applied electromotive force are 
in the same phase, and the current has the same value as 
in a circuit of resistance B free from inductance and 


I 
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capacity. If Lisy > l/Oo) the current lags, if Lm < 1/ Cw the 
current leads. 

The condition for the , neutralisation of the inductance e^^ot by 
the capacity effect may be obtained without working out the 
geLli solution above. From (1) capacity and mductapce neu- 

tralise if == - FI Now V will be a harmonically varying 

ouantitv with the same period as the electeomotiv© force, ai^ 
may be written F = Fq sin {ojt “* 0)* v ^ T 

= dlGVMdt = <7. dVldi ; hence I = GwVq cos and dljdt 

_ 1 CtaWo sin {(at - <!>)> Thus the required condition L.midt 
s= - Fbeoomes 

LG<aWQ sin [tat - = Fo sin {(at - «/>), 

1 

'3^ ' 


tmS* 


LG = 


, Lta 


as shown above. 

Further, since w = where T is the period of the applied 

electromotive force, we have 

LO=^,, i.e. T = ir J LO. 

4Tr^ 

This as shown in Chapter XXII., is the period for electrical 
oscillations in the circuit; hence when the period of tU applied 
electromotive force is the same as that of the circuit for electric oscilla- 
tions the efect of capacity neutralises the effect of inductance. 

If the circuit possesses capacity and resistance hni no 
inductance, it may be shown that the law becomes 




V 


/' 


V 


M 

E‘+- 


( 6 ) 


V ' 4t%-02 

The effect of capacity alone is to make the current lead 
in front of the pressure, and 

tan angle of lead = ............ (7) 

The student should prove these statements. 

Clearly, if in a circuit containing capacity, resistance and induct- 
ance 27 rnL = ll27rnG, then ^irnLlli = IftirnGR, i.e. the lag due to 
inductance is equal to the lead due to capacity and the two 
neutralise as already proved. ' - ' * 
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2B9a. Typical A.C. ProMems. — The following worked.' 
examples will assist the Student to grasp the details of the 
preceding sections : — 

(1) .4 coil of wire of negligible resistance and inductance *02 henrp^ 
and a wire of zero inductance and resistance 12 ohms are in series. 
If the impressed E.M. F. be 130 volts and the frequency 40 cycles per 
second^ determine {a) the current, (b) the lag, (c) the P.D. across the 
inductive resistance, {d) the P.D, across the non-inductive resistance. 

(a) For the current we have : — 

i =2 _ = — j - — « 10 amperes. 

+ (27rnLy^ ^/l22 + (2^ x 40 X *02)'^ 

(b) The current lags behind the impressed E.M.F. by an angle ^ 
such that : — 

tan A X •0^ = -417, 

^ R 12 

22 1 1 

.% «}» == S52® and I«ag in time = — x second. 

(c) P.D. {El) on the non-inductive resistance is obtained in the 
usual way, viz. ; — 

/ = A , i.e. 10 = El = 120 volts. 

R 12 


(d) P.D, (JE? 2 ) the inductive resistance is obtained from 
10 = 


+ {27rnL)^ 


SO volts. 


Note that the relation between the three pressures is represented 
by the triangle OPE of Fig. 465, OP representing 130, OE repre- 
senting 1*20, and PE representing 50 (130^ = 120^ -f 50^). In the 
case of a direct current we would have, of course, ii’j + -^2 = E. 


(2) An A. 0. are lamp needing 50 volts is put across mains at a P. D, 
of 80 volts, and a choking coil is m series with the lamp. The lamp 
takes 10 amperes and the freqtiency is 50 per second. Fmd {!) the 
pressure produced by the choking coil reaction, (2) the self -inductance 
of the choking coil. 

The solution is given by the triangle of Fig. 465. Here OP is 
the impressed or applied E.M.F. (80), OE is the effective pressure 
(50) and OM or PE is the pressure produced by the choking ooiL 
Clearly : — 

PE^ =zOP'^ OE\ i.e. PE = 
pressure produced by choking coil 

= JW - f>0' = 62-5 volte. 
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Again, from (5) Art. 284, 
rig. 465, 0P =^iJ0tP + W. 


+ {Lwl„Y, and from 


sents UR, and PM represents Aw/q, 

YOltS. 


Here OP represents Aq., OE repre- 


«Ve. 25r»X/o., But PM^ 


A Self-inductance of ckoking coil 
j 62^5 62*6 


27 r X 60 X 10 


*02 liemry. 


%ml^ 

(3) A certain choking coil of ncgligiUe resistance takes a current of 
8 amperes if supplied at 100 volts^ at bQ periods^ per second, A 
certain non-inductive resistaTice, under the same conditions^ carries 10 
amperes. If the two are transferred to a supphj system working at 
150 volts, at AO periods per second, what total current will they take' 
(a) if joined in series, {b) if joined in parallel f 
The value of R for the non-inductije resistance and the;Vaiiie,of 
A. for. the inductive resistance must first be found. For R we have 
R =» 100/10 .= 10 ohms, and for L we have 

® .•.e.8 = -^!E=.=J59-. 


>Jr^ ift-rnlJf 

' .t L 


*4 0 ”+ OirnUf 


.■■■.jW I hen,y. 

27 r X 50 X 8 8 t ^ 


Case {a) 


-The two in series, 
E 


150 


,JR^ + ^ 

\ . Ss’'' 

= 10*6 ampere®. 

Case {h) ;-^The two in paralhL ' 

If »V 6® the current for the non-inductive resistance, 
i _ E 150 

*• " re “ 10 

If *2 be the choking coil current, 

150 ■ 

“ **. 15 amperes* 


15 amperes. 




s/d + (2™X)> 2 »-x40xJ- 

■ 8r 

But the current has a phase relationship of 90'’ with and the 
resultant current /a is given by : — 

. — .2 1*2 ampere®, : , ^ 

The total currents in the two cases are therefore 10*6 and 21 *2 
amperes respectively. 

(4) Explain the efect of applying to the terminals of a condenser 
is many megohms an alternating E. M, F, 
WheU E.M,F, is required to drive 10 virtual amperes through a 
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circuit containing a condenser of resistance 1200 megohms and 
capacity 22 microfarads, the frequency being 80 f (0. S G,) 

Note that the condenser resistance in problems of this type 
should not be regarded as an ordinary resistance in series with the 
condenser. 

If ii/ be the impressed E.M.F., the current of 10 amperes is the 

IP 

resultant of two currents, viz. a current x equal to — 

1200 X 10® 

in step with E, and a current y, equal to ^ j ^irnGE, the 
two differing in phase by 90® ; hence : — 

10 = * 

lCl0 = 5f*/( i -y+(2T X 80 X — V|. 

\U200 X lOV / 


The first term within the bracket may evidently be neglected in 
this problem, and we get 

=: 

f.e. E = — — _ = 904 volts. 

2 vx 80 x^, 

The answer to the first part of the question will be gathered 
from preceding pages. 

290. Transformers. — Transformers are used in modem 
electrical practice (1) for converting an A.C. of high elec- 
tromotive force and low current strength into a current of 
lower electromotive force and higher current value ; (2) for 
converting an A.C. of low electromotive force and high 
current strength into a current of higher electromotive 
force and lower current value. The former is called a 
step down ” and the latter a “ step up ” transformer* 

A step down transformer consists essentially of two 
coils of wire — a primary coil and a secondary coil-— coiled 
round an endless core of soft iron (Fig. 470). The primary 
coil carries the current to be transformed, and consists of 
a large number of turns of highly insulated wire of the 
Jbhickness necessary to carry the current transmitted to it. 
The secondary coil consists of fewer turns of insulated 
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wire of thickness sufficient to carrj the low tension current 
resulting from the transformation, and is connected directlj 
with the system to which this current is to be supplied. 
The iron core is usually a core of soft iron wire or a 
system of thin plates of soft iron, arranged to give an 
endless magnetic circuit and to avoid loss of energy by 
Foucault eddy currents. 

The principle of action of the transformer will be evident 
from its construction. The alternating current in the 
primary coil magnetises the iron core and sets up an 
alternating flow of induction in the magnetic circuit. 
This variation of the induction through the secondary 
coil gives an induced alternating current In the secondary 
coil. The period of this induced current is the same as 
that of the current in the primary coil, but the two currents 
are not, in general, in the same phase. 

The construction of a step up transformer is similar to 
the above, save that the primary has few turns of wire and 
the secondary many turns {e,g. induction coil). 

Transformer Theory,- — (1) The ratio of transformation 
depends mainly upon the ratio of the number of turns in 
the two coils, and practically we have 

Pressure in secondary _ Number of turns in secondary 
Pressure in primary Number of turns in primary ' 

but, since energy cannot be gained by the transformation, 
we have also 

where and are the pressure and current in the 
secondary, and and the corresponding values for the 
primaiy. This is only true if we neglect losses due to 
heating and magnetic frictions. 
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Assuming the above, a simple relation may be established 
between the primary and secondary terminal pressures 
Fj and Fg (Fig. 470). Let be the E.M.P. operating 
in the primary, in the secondary, and and 

the number of turns on each. Let njn^ = JT, then 
K ; and, since we have 

i = l 

I, B, k: 

: From the figure we see that 
and = n+I,E,; 

•• B, K + I A 


C"; 

■lyy 


K7, + KI,B, = Fi 


~W' 




i ‘ 

] V 


11 . 




This expression gives the secondary terminal pressure in 
terms of the primary pressure and other constants. 

Obviously, since and K are constants, the value 

of F is not a definite fraction of Fj, hut is lessened the 
more is increased — that is, the more current is taken 
from the secondary. Hence, if we desire the secondary 
pressure to remain constant, we must arrange matters so 
that the primary pressure rises somewhat as the secondary 
load is increased. 

(2) When two coils are wound together in such a way 
that the flux of induction through one all passes through 
the other there is a simple relation between the coefS-cients 
of self-induction and the coefficient of mutual induction 
of the coils. For, if and M denote these coefficients, 
and and % the number of turns in the coils, we have, 
for a current I in the coil to which I/j and refer, the 
flow of induction through one turn measured by 


and the flow of induction through the other coil is 


LJn. 


That is, ^ Lj = M, Similarly, beginning with the 
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1 If, = M, and we therefore have 


In the coils of a transformer these relations hold only approxi- 
mately, for there is always some magnetic leakage between the two 
coils, and the variation of the permeability of the iron core with 
the intensity of magnetisation complicates the result. If, however, 
we neglect the variation of permeability it may ha assumed that 

(iP - I1L2) is a small quantity, and that^l rs ( i \ is roughly 

ju2 \ t 

correct. 

(3) If the currents in the primary and secondary coils at 
any instant be denoted by x and y respectively, aiid if we 
represent the harmonic electromotive force applied to the 
primary circuit by E sin o}t, the resistances of the primary 
and secondary coils by and and the coeffifdents of 
induction by Ij, and M, as above, we have the following 
relations for the two coils : — 

M^ + =:Esmid. 


Taking the first of these relations for the primary coil^ ^ gives 

the back electromotive force due to self-induction, J/ the back 
. . ■ ■ dt 

electromotive force due to mutual induction, and H^x the potential 
difference which determines the current x in the coil. The sum of 
these quantities must evidently be equal to the impressed eleotro- 
mptive force E sin (aL Similarly, for the second relation the sum of 
the corresponding terms is equal to zero, since there is no impressed 
electromotive force acting on the secoiidary coil. 

From tliese equations the values of x and y are found 


where 
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L = L,-- 


JB = 


(Mw)“E2 


JL^ + Bf 


taB (a •— ^) = ^r-^. 

Tliese results are readily verified by simple differentia- 
tions and substitutions. They show that the currents in 
the two coils are periodic currents of the same period as 
the impressed electromotive force in the primary coil, but 
differing in phase. Also, from the form of the value for a?, 
it is evident that the current in the primary coil may be 
taken as the current in a coil of self-induction L and re- 
sistance jB. That is, the apparent effect of tlie secondary 
coil is to decrease the self-inductance of the primary coil 
from to {Li — aL^ and to increase the resistance from 
E, to (El + aEJ, where 

{Mo>y 

(4) When the secondary coil of a transformer is open 
Ej is infinite, and a therefore is zero, and L and E reduce 
to their real values and Ej. 

When the secondary coil is closed E, is usually small, 
and may be negligibly small compared with if w is 

large. If this is so, the value of a reduces to 

therefore 




Also, since tan (a — /?) 


- , we have, when is 
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negiigiblj small compared with a — /5 = 0 or tt. If 
we also assume that the transformer is so well designed 
that IF — is negligibly small, then, we may take 
M‘^ = L^L.^ as approximately true, and this gives us 

L,-^=0 or L = 0, M: 


: A + 

A 


and a = 0. 


Hence, when the secondary coil is closed the apparent 
self-inductance of the primary coil is practically zero, the 

apparent resistance B is equal to B^, where 

B^, and are as defined above, and the current in the 
primary coil is in the same phase as the impressed electro- 
motive force. 

Under the above conditions, the current in the primary 
coil is ? , and the power spent in the coil is 

This indicates that the power absorbed increases as jK 
decreases, that is, as decreases, for E = Ej + ^B^ 

and Ep and are fixed. This is true, however, only 
if AP = ; when j¥® — L^L.^ is a small but appreciable 

quantity the power absorbed can be shown to increase as 
\ decreases to a critical value which depends upon the 
frequency of the primary current. Below this critical 
value of Ej the power absorbed decreases. 

(5) If we apply the above approxiiaations to the values of ac and 
previously given we get 


m sin (at 


R 


where E = ^ Ej 


and 




M E sin (at M ■ 


R 


We have seen that ¥ = ^ Eo, and therefore ~ 

^2 i /2 

w© have , that is— 

X 719 . 


a 


Hence 


S econdary c u rrent _ Number of t urns in primary 
Primary current Number of uirns in ¥ecoridarj * 

The electromotive force in the secondary coil is 
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R 2 y or 

1/2 


E sin tat 
B ' 


Substituting -Rj + for R this gives 

■ i^2 




E sin uiL 


and assuming Ri to be small compared with ^R^ we get 


M 


E sin (at 


as the electromotive force in the secondary circuit. Since 
i> 2 /if = n^jni we see that 

Secondary E.M.F. _ % _ Number of turns in secondary 
Primary E.M.F. Wj Number of turns in primary 

(6) The power absorbed in the primary is, as given above, | 

R 

The power given out in the secondary is evidently given by 
I Hence the efficiency of the transformer is therefore 

given by 


M^R^ 

WR 


w ■ 




li Ri be taken as small compared with R^ this result reduces 

to . This is unity when JtT* = LiL^t and is nearly unity in 

E\E2 

a well designed transformer. 


2S0a, HiscellaMLeous.— (1) The principle of the alternating 
current dynamo, or alternator has been dealt with in Chapter 
XVIL In practice the field magnets are sometimes stationary and 
the armature rotates, while in other types the armature is stationary 
and the field magnets rotate ; hence to avoid confusion the rotating 

E art is called the rotor and the stationary part the ^stator. The 
eld poles of an alternator must of course be separately magnetised 
by say a direct current machine. 

In single-pliase alternators all the conductors are connected 
In series, and the ends Joined to the two slip rings. In ttro-pliaBe 
alternators there are two different sets of conductors, the con- 
stituents of one set being spaced half way between the constituents 
of the other set, so that the B.M.F, in one set is a maximum when 
it is zero in the other ; thus there is a phase difference of 90*, and 
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. there are four terminals to the machine. In three-phase alter- 
'aators there are three sets of conductors arranged so that, while 
set (1) is producing the maximum E.M.J?., set (2) Is producing 
E.M.F. lagging 120“ behind set {!), and, set (3) is produeing E.M.F. 
lagging 120° behind set (2), and therefore 240® behind set (1), 
Instead of six terminals, the starting point of all three windings is 
usually a common junction ; this is earthed to the shaft of the 
generator, and the other three ends after forming the windings are 
connected to thr&e irn'minaU on the machine. 

(2) Since the power supplied (direct current) to a circuit is El 
watts, and the power wasted in a main of resistance R ohms is I'^R 
watts, it is advisable to keep the current as small as possible (thus 
reducing the I'^R loss) while transmitting the same power, and the 
best method of doing this is to raise the pressure^ For example, we 
can transmit 100 amperes at 100 volts or 1 ampere at 10, W) volts, 
and in each case the power is the same; but in the second case, 
since the current is of its first value, the loss in the coisduetor, 
if the size of the latter remains unaltered, is of its former 
value. Hence, if long distances have to be covered the rule is to 
transmit at a high pressure, and, since smaller currents fiow, to 
have a thinner conductor, whioli results in economy of copper. 

In such cases it is usual to generate alternating current at an 
ordinary pressure, raise to a high pressure, say 6,000 volts, by 
step-up transformers, transmit at that pressure to the far end, and 
then transform down again by step-down transformers. (If D.O. is 
required, we pass the A.C. into a special machine called a rotary 
converter and produce D.C. by its means). In modern stations for 
traction purposes it is frequently arranged that the alternators 
generate direct at 6,000 volts, thus saving the first transformer with 
its attendant losses. 

For such very high pressure transmission alternating current is 
always selected, for owing to insulation difiSoulties at the commu- 
tator it is impossible to make a satisfactory D.C. dynamo to 
generate at a very big pressure. 

(3) Alternating and rapidly altering currents tend to confine 
themselves to the surface of the conductor and this is more marked 
the higher the frequency. Hence, conductors for such should have 
a large surface compared with the cross section, a thin fiat ribbon 
being a good pattern to adopt. This is known as the skin effect,” 
and on account of it tbe eiffective resistance of a conductor is 
increased. In the case of a straight circular wire carrying alter- 
nating current of very high frequ ency it can be shown that 

^ P 

where jS = effective resistance, R, = resistance for steady currents, 
P = specific resistance in absolute units, r ss radius in cms. and n 
*= frequency. 
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(4) Alternating current and pressure curves may be seen or 
photographed by means of an oscillograph, which is really a dead 
beat moving coil galvanometer. One type consists of a phosphor 
bronze strip which passes over a pulley, the two halves of the strip 
hanging down between the poles of a powerful magnet. The two 
bottom ends of the strip are fastened to terminals and the pulley to 
a spring so that a considerable tension is maintained in tne strip. 
A mirror is attached to the two limbs of the strip. On passing a 
current one limb moves inwards, the other outwards, thus rotating 
the mirror, the deflection of which at any instant is proportional to 
the current at that instant. The dead beat character is increased 
by the presence of an oil bath. In order to obtain a record of the 
movement of the mirror we may receive the spot of light reflected 
from it on a photographic plate which is moving in a direction at 
right angles to the direction of vibration so that the curve connect- 
ing “ current ” and “ time ” is obtained on the plate. Frequently 
there are two strips, the ** current strip ” which is shunted, and the 
“pressure strip ” which is in series with a high resistance, so that 
both current and pressure curves can be obtained simultaneously, 
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Section B. 

(1) Distinguish between the mean value and the root mean square 
value of an alternating current, and find the relation between them. 

Prove that the power absorbed by a coil traversed by an alter- 
nating current is BO cos where i^and G are the root mean square 
values of the E.M.F. and current re.spectively, and 0 is the dif- 
ference in phase between these two quantities. (B.E. HonL) 

(2) Explain why the primary current in a transformer, such as an 

ordinary house transformer, is so much greater when the secondary 
circuit is closed. (B.E. Hons.) 

. . Section 0, ■ ’ 

(1) Describe the construction of an eleotrostatio voltmeter. An 
electrostatic voltmeter gives deflections of 15, 18, and 21 scale 
divisions for constant potentials of 50, 60, and 70 volts respectively, 

• What deflections will be produced by an alternating eleotromotive 
force E sin pt (a) when the amplitude B is 70 volts, and (5) when 

is 90 volts? (B.So,) 

(2) An alternating E.M.F. of 200 volts and 50 periods per second , 

is applied to a condenser in series with a 20 volt 5 watt metal / 
filament lamp. Find the capacity of the condenser required to run 
the lamp. (B. So. Hons, | 
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THEORY OP TMITS. 

291. Bimensions of XFnits. — Tlie dimensioBS of mxj 
quantity express by a formula the extent to which the 
fundamental units of mass (if), length (JD), and time (T) 
are iuTolved in the unit selected to measnre the given 
quantity. Thus velocity^ from the usual relation in 
Mechanics, is distance/time, and the unit of velocity is 
such that the body moves through a distance of one centi- 
metre in one second; this fact, written as a dimensional 
equation, becomes 

[Telocity] = ^ = LIT' or [v] - LT-K 

Again, accelercvtion is defined as rate of change of 
velocity, and a body has unit acceleration if its velocity 
changes by unity in unit time ; thus for the dimensional 
equation we have 

IrT"® Of 


[Acceleration] 


[t] 




Further, in connection with force it is shown in 
Mechanics that / = ma, where / denotes the force, m the 
mass, and a the acceleration ; and unit force is defined as 
that force which develops unit acceleration in unit mass ; 
thus for the dimensional equation we get 

[Force] = [m] [a] = MLT'^ or [/] = MLT-^\ 

In a similar manner, remembering that force x dis- 
tance, we have 

[Work] = or [IF] = 1 : MJ[/T~K 

Bxamples. (1). Show how to convert poundals into dynes, 

[The poundal “fundamental” units are 1 pound, 1 foot, and 
1 second ; and the dyne units are 1 gramme, 1 centimetre, and 
334 
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1 second. Further, 1 pound = 453*59 grammes, and 1 foot = 30*48 
cm. Dimensions of force = MLT'~'^ = MLjT^. 

Hence, to change poiindals into dynes we must multiply by 

‘ ^ ^ = 13825 dynes., 

(2) Show how to convert foot-poundaU into ergs, and find the number 
of watts in a horse-power. 

In this case the dimensions are and the 

multiplier becomes = 421390, i.e, 1 foot-poundal 

= 421390 ergs. 

Again, 1 H.P. = 550 foot-pounds per sec. = 550 X 32*2 foot- 
poundals per sec. = 550 X 32*2 x 421390 ergs per sec. But 1 watt 
= 10'^ ergs per sec. 

1 H.P. = 5^-?2-2^>ii21390 ^ 


292. Bimensions of Electrostatic Units. — To ob- 
tain the dimensions of the e.s. unit quantity we begin with 
the relation / = Taking q^ = q we get /= q^/d^, or 

g“ = 

that is Sf = ^ 

Hence [g] = M.C/]^ 

lq-]=L.(MLT~")^ 
or Iq] = L.M^L^T'\ 

That is [g] = 


Again, the potential at any point in the electric field is 
the potential energy per unit quantity of electricity. 

That is 

[-pj- [Eaergyl 


that is 


[F] = 


[Quantity of electricity]^ 

M^L^T 
1 1 


[F] = 


H. AND E. 
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Sittiilaiij, lot caj^acity we haye 

2= FO or C = |=. 

rci = -M. 


and therefore 

that is 

or 


10} 


M^L^T 


M^L^T 

L. 


rl 


It will be noticed that the dimensions of capacity are the same as 
those of length. This does not mean that capacity and lengtli are 
similar quantities. It is a result of the fact that the system of 
electrostatic units is a conventional one based upon the definition 
of unit quantity of electricity given in Art. 80. The conditions 
of this definition involve the suppression of the dimensions of the 
quantity K for air. This question will be dealt with later on. 

* By an extension of the method indicated above it is 
easy to obtain the dimensions of all the electrostatic 
quantities. The more important of these are given below. 


Quantity 

IQl 


Electric force 



Potential 

t — 1 

1 1 


.Rapacity 

[C] 

L 

Electric polarisation 

[^*3 



293. Dimensions of Magnetic Units.— The magnetic 
units are based upon the definition of the unit pole ^nven 
ill Art. 17. Taking the relation/ rrmW/tF and putting 
m' = m we get / = rn^/d ^ ; hence 

w" = f<r 

mz=z d Vf, 
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Proceeding as in tlie case of electrostatic units we get 

[m] = 

or [to] = M^L^T~ . 

Prom tMs result as a starting point we readily obtain 
the dimensions of the magnetic quantities tabulated below. 


Strength of pole 

[to] 


Magnetic force 

m 


Magnetic potential 



Plow of force 

[J-] 


Reluctance 

iZovS-] 


Magnetic moment 

[M] 


Intensity of magnetisation 

cn 

Mh~^T' 

Magnetic induction 

[B] 



Ife should here be noticed that as the dimensions of K are 
suppressed in the elootrostatio system, so the dimensions of ja are 
suppressed in the system of magnetic and electromagnetic units. 


294 :, Bimensions of Electromagnetic" Enits,— To 
obtain these we start with the definition of the%nit of 
current given in Art. 151. From this we get the relation 


E = 


2'!rtbl 


4 


where M denotes the strength of the magnetic field at the 
centre of the coil. This gives the dimensional relation 



m = 


m 


H 

[/] = m w- 
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or [/] = M'^L^T . 

From this it is easy to build up the dimeiisioas of the 
electromagnetic units given below. 

CmTent [I] M^L^T 


Quantity 


Electromotive force 


Resistance 


Oapacity 

Inductance 


295. Irrationality of Electromagnetic and Elec- 
trostatic Units. — It will be seen by reference to the 
tables given in the foregoing article that the dimensions 
of the same quantity are not the same in the two sets of 
units. For example, the dimensions of Quantity of Elec- 
tricity are M^L^T ^ in the electrostatic system, and M'^L^ 
in electromagnetic units; this results, as already ex- 
plained, from the suppression of. the dimensions of K and 
/A. If we include these quantities in determining the 
dimensions of any quantity in the two sets of units it will 
be possible to determine a condition that the dimensions of 
K and /x must satisfy in order that the dimensions of the 
given quantity shall be the same for the two sets of units. 
Taking quantity of electricity for example, we have for the 
electrostatic units 
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That is 


[2] = i^^ivn M 


or [q-]=:lVK]M^L^T~ . 

Siinilarlj, for the electromagnetic units 
[Q] = [I^] = [I] T. 

Now to introduce /x into [J] we have 

or w = VfA. v^/. d. 

That is, [w] = [ A/jtx] \ 

then the dimensions of magnetic potential, F, are those of 
work per unit pole or 


[F] = 


[Vm] 


ml^t' 

i i -1 

M^L^T 


['//*] 


. M^L^T 


Also magnetic force or strength of field H is measured by 
rate of change of potential with distance, and therefore 


[H] = 


in 


1 


And, as in Art. 294, 

[i] = [ir]L 


[v/ju] 

1 




and therefore 


ca] = 


[Vrf 


If ^L'^T~\ 


M^L^. 


If the two sets of units are consistent the two dimensions 
for quantity should be the same, that is 


and 




should be identical. This evidently involves 
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If we extend the method indicated in tliis article it is possible 
to express the dimensions of the electrical (|ijaritltiea in terms of 
if, i/, 7Vand K for the electrostatic system, and in terms of i/, L, 
Ti and M for the electromagnetic system. If in tliese dimen- 
sions we suppress ^ or /t we get the usual eleotroHfaitic or electro- 
magnetic dimensions. The table on p. 341 gives these dimensions 
for the more important quantities. 

296. Practical Units.— The practical units are again 
giyen l)elow a,nd tbeir magnitude in terms of electro- 
magnetic and electrostatic C.G.S. units speciied. The 
quantity 1/ is indicated by t?, and its measure in 

air may be taken as 8 x 


Quantity. 

Practical 

Unit. 

Electro- 
magnetic 
C.G.^. units. 

Electro- 

static 

C.G.S. units.. 

Electromotive Force 

Volt 

1 W 


Resistance 

Ohm 

10® 


Current 

Ampere 



Quantity of Electri- 

Coulomb 

10-1 

lO-^u 

city 

Capacity 

Farad 

10-® 


Micro-farad 

iO-is 


j Inductance 

Henry 

10® 
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• 297» Batio of Electrostatic and Electromagnetic 
Units. — If we take the ratio of the diioeii.sioiis of any 
electrical quantity in the ordinary electrostatic and. electro- 
magnetic units we find that the result is of the dimensions 
of a velocity or a power of a velocity. Thus, fc^r quantity 
of electricity, the ratio of the electrostatic to the electro- 
magnetic dimensions is 




IflT 




OT LT'~'^ or ['!»]. 


Similarly, for electromotive force or difference of potential 
we get 




T~ 


[i] 


and for capacity we get 


^ or X,» 7"’. 


That 




or 


L r 

and so on for the other quantities. 

Now let s and m be the nnmbers representing the same 
quantity on the electrostatic and electromagnetic sygtama. 
Then clearly 

I- 1 -L 


slMT^T = m {htrii 1 , 


■M = [ 


1 




In this equation g/m is a pure number, [liT means 
the unit of velocity ; hence 


m 




: V centimetres per second, 




A quantity measured in e.s. units 
•• The same quantity measured in e.m. units 

It should be noted that « and m being the magnitudes of the same 
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quantity in the two units, their ratio is the inveree ratio of the size of 
the units, Le* 

The e.m. unit of quantity _ ^ 

The e.s. unit of quantity ’ 

/, The e.m. unit quantity = v (the e.s. unit quantity). 

It was stated in Art. 151 that the e.m. uni t quantity was 
3 X 10^® e.s. units (this means that v = = 3 x 10'*^ = 

velocity of light). 

Again, in the case of capacity, if b and m be the 
numbers representing the same capacity on the two 
systems, 

« [iZ] = m [i'V/a"*] 


= [i]> 


1 

Kp 


v\ 


• ^ A capacity measured in e.s. units 

t.e, rpijQ s”^e^pacity measured in e.m. units 

Similarly, as above, 

The e.m. unit of capacity _ 

The e.s. unit of capacity 

.% The e.m. unit of capacity = v* (the e.s. unit of capacity). 

It was stated in Art. 84 that the e.m. unit capacity was 
9 X 10^® e.s. units (this again means that 1/ JA/I = 3 x 10^** = 
velocity of light). 

From the preceding it follows that in order to determine 
practically the value of v it is only necessary to measure 
the same electrical quantity in both systems of units ; the 
most convenient quantity in practice is capacity. 

298. Betermiuatiou of “ v/'— In order to determine 
V from measurements of the capacity of a condenser the 
following methods may be adopted : — 

First Method*— A. very accurately made condenser of 
definite geometrical form — ^plane, spherical, or cylindrical— 
is caref ully measured, and its capacity calculated from its 


m 
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or 


m = 


dimensions by the appropriate formula (Chapter VII.). 
This gives s, the electrostatic measure oi the capacity in 
C.G-.S. electrostatic units. 

To determine the electromagnetic measure of its caj>acitj 
the condenser is charged to a known difference of potential 
V and then discharged through a l)ailistic galyanoineter. 
If 8 denotes the angular throw of the galvanometer needle, 

corrected for damping, we have 

n ^ ^ 

But Q = mF, where m is the electroiirngnetic measure of 
the capacity and F is expressed in O.G*S. electromagnetic 
units. • 

Hence we get mV = — 

■?rCr 4J 

JTT d 

The measures 8 and m being thus found, the value of v 
is given, as shown above, bj the relation 

«=V-- 

^ m 

Second Method . — The principle of this method (which 
was suggested by Maxwell and has been used by Thomson 
and Searle) will l>e gathered from 
Fig. 471, where 0 is the conden- 
ser . of ,■ capacity m electromag- 
netic units. Imagine Q to be a 
vibrating piece making s contacts 
■with^Z and' J' per second. .At 
each contact with X'tha'conden-,.' 
ser is cliarged and at each contact 
with r it is discharged. The 
charge at each contact will be 
Hm units, where H is the E.M.Ib of the cell, and the charge 
per second passing through the galvanometer will be nEm 
units. If the time of swing of the galvanometer be long 
compared with 1/n of a second these intermittent currents 



H— e 1 
la 

I - 


1 


Fig. 471. 
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will produce the same deflection 0 as a steady current of 

strength units. ^ ' 

Now let the condenser and Q be replaced by a resistance 
E e.in. units and let this be adjusted until the deflection 
is again Q so that the current is again numerically equal to 
nEMi hence 

nUm = , 

Gf 4- r 4- ii 

1 



n{G^r + B) 

from which, knowing n and the 
Yarious resistances, m is deter- 
mined. If m is small (G+T’^-E) 
will be large for medium values 
of w, and if (G + r) is small E 
will be large, hence we may 
write 

or ic = , 

nE n .m 

so that the capacity m behaves 
like a resistance E = 1 jnm. 

Hence Maxwell pointed out that instead of substituting 
a resistance for 0 and Q, these might be placed in one arm 
of the Wheatstone Bridge and a balance obtained in the 

usual way (Big. 472). In this way E, i.e. — — — » and 

therefore w, is determined. 

The capacity » in e.s. units is obtained fromjthe dimen- 
sions of the condenser, and therefore A/i-is found. 

V m 

The preceding method is specially suited to the measure- 
ment of small capacities. 

The values obtained for v by various methods all ap- 
proximate very closely to 3 x lO^^ cm. per sec. This is 
the same as the velocity of light, and it is shown in 
Chapter XXII. that the velocity v really is the velocity of 
transverse waves in the aether, and is therefore identical 
with the velocity of light. 
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299« Betewnmation of tlie Olim. TI 10 
Hetliod.— -The problem is to find the exact specification 
of a resistance which is equal to 10^^ C.Ci.S. electromagnetic 
units, 'e.g> to find the length of a column of mercury of 
1 sq. mm. cross-section and at the temperature of melting 
ice which has a resistance of iO^O.G.S. electromagnetic 
units.. The general principle of the British Association 
Botatifig Coil Method is as follows : — 

A thin circular coil is rotated rapidly and uniformly 
about a vertical axis in the earth’s field. As a result cur- 
rents are induced in the coil, and if a magnetic needle be 
suspended exactly at the centre of the coil it will be de- 
flected by the action -of the induced currents in the direc- 
tion of the rotation of the coil. From the constant of the 
coil, the speed of rotation, and the deflection of the needle 
it is possible to obtain an absolute measure of the resis- 
tance of the coil. 

. Let ff denote the horizontal component of the earth’s field, .4 the 
area of the coil, n the number of turns, and a the angle between the 
plane of the coil at any instant and the plane at right angles to the 
magnetic meridian. Then F, the flow of force through the coil, is 
given by =» nil A cos a or, since a = by F ^ nil A 00a and 
the induced electromotive force is. nil A ta sin wl 


This gives 


slE^-^tLV 


But , sin {mt - .= sin mt cos — cos id sin 

R 'I 

Aso cos.y>=w —===—— and ' ain it = , 

Therefore we may write 

/ = [12 sin - iSw eos wl]* 

Jti* “t** 

Now, if G be the constant of the coil, the field at the centre of 
the coil at right angles to Its plane will be (?/, and the coniponenta 
of tliis field in and at right angles to the meridian are Gl 00s d and 
GI sin b)L Substituting the value of I we get 

■ : GnB ■■ r Bl '* j j T ’ " 

— ■ y— - [ic sm mt cos wt - Lw cos* 


, [B sin td Lw eos wl]* 


GnffAi^ 1 r 


M sin 2 wi 


Lu {I “f ms 2 0i) 
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QnHALisi^.^ GnHA(a 

OnHALw^ 

“ 2{R^ 


2{R^A-LV 
Gnll Aon 


2 JR + 

for the component parallel to the meridian, and 
QnHA U3 


[i? sin 2 wt - Loj cos 2 wtj, 
sin {2(at 




-h 

GnliAu) 
R + 
QnHARuj 


2{R + 2 {E^ + 

OnHARi>3 GnfTAiJt) 


[i? sin^ U}t - L(a cos u)t sin wi], 
cos 2 wO •*” 2 

[JK cos 2 wt A' sin ‘2 

:OOS (2w^ — 0) 


|[i2(l. 

GnHAt 


2i2- + LW Jr^aR^'^ 

for the component at right angles to the meridian. 

These expressions for the components of the field due to the 
induced currents consist each of two parts, a constant part and a 
periodic part of period double that of the rotation of the coil, and if 
the needle suspended at the centre be assumed to have a sufficiently 
large moment of inertia the effect of the periodic parts of the com- 
ponents will have a negligible effect in determining its position, 
and we may write the components effectively determining the posi- 
tion of the needle as 

OnHALw^ 


parallel to the meridian and 


2(A»‘^-f W) 
QnHARta 


2Ti?^ 

at right angles to the meridian. 

If therefore 5 be the observed defieetion of the needle from th© 
meridian, we have - 

GnffARuj 


tan S ;= 


M - 


2(A-^ -f AV) 
GnHALia^ 


tan d = 


2{RaR<^^) 

GnAE<j^ 

GnA * 


2{R^ + AV) 
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From these relations E cm be detenu inecl absolutely, 
for ail the other quantities can be caiculafed from the 
dimensions of the coil and the speed of r^U-atiun. The re- 
sistance of the coil circuit thus detenu ine< I in electromag- 
netic C.G.S. units can then be com|Kired with the specific 
resistance of pure mercury and the resistance equiyalc3iit to 
the ohm, or 10*’ C.G-.S. electromagnetic unit s dc^iluced from 
the results. In this way the ohm can be specihed in terms 
of the specific resistance of pure mercurj. 

The ohm determined from the results of these expert- 
ments was called the B.A. unit, and its waliie is about 
*9863 of .the ohm as now speeilied. 

300. Betermination of the Ohm. The Lorenz 
Method. — When a disc of eondueting material is rototed 
in its own plane in a magnetic field about its geometrical 
axis a difference of potential is set up, as already ex- 
plained, between the axis and the oircuniference of the 
disc. As in Art. 244, if H denote the component of the 
field at right angles to the plane of tiie disc, and if the field 
be assumed uniform, we have 

T * 

where r denotes the radius of the disc, T the time of 
rotation, and e the difference of potential set up !)etween 
the axis and the circumference of the disc. If, then, a 
disc be set up in the interior of a long carefully- wound 
solenoid with its axis parallel to the axis of the coil (which 
should be at right angles to the meridian in order to 
eliminate the earth’s field) and made to rotate uniformly 
we shall have 

7rr‘ . 4jrnl ^ ■4sw'^r^%I ■ 

e ^ 

where I is the current in the coil, for the plane of the disc 
is at right angles to the field 4F?ir inside the coil due to 
the current I passing through the coil. It is easily 
possible by the usual arrangement to balance |iie difference 
of potential e against the difference of potential between 
two points on a conductor forming part of the circuit of 
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tlie coil and carrying tlierefore the same current. If M "be 
resistance between these two points when the balance is 
exact we evidently have 

47rV^tlI jjg 


T 

4<nr^r^ 

-ff- 


E. 


Fig. 473. 


In this way J is eliminated and the resistance B is 
determined in' 
absolute units, 
for r is a length, 
n the number of 
turns per unit 
length, and T a 
time. 

The arrange- . 

inent of connections for this method is shown diagram- 
matically (Fig. 473). The elementary theory of the 
method is simple, but there are a number of details and 
corrections. The method is due to Lorenz, and careful 
determinations made by Lord Bayleigh and Mrs. Sidgwiok 
and by the late Principal Viriamu Jones show that it is 
capable of giving very good results. 

301. Absolute Measurement of Current, Resist- 
ance, and Electromotive Force. — Most of the measure- 
ments dealt with in previous chapters have been com- 
parative and not absolute j to measure any electrical 
quantity “ absolutely ’’ no units are to be assumed known 
but the necessary fundamental units of length, mass, and 
time. 

(i) CurrenL--The current to be measured is, for example, passed 
through a standard tangent galvanometer set in the earth’s field, 
and from the theory of the gahTOometer we have 

/ = 

27ra 

But this relation involves F, the horizontal component of the 
earth’s field, the value of which must not be assumed but deter- 
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mined absolutely. This can, however* be done by hlie deiaotion 
and osoiiiation method of Art. 43. This gives 


H 


-tV 


2 JC 

# tan a* 


Substituting this value of H in the expression for I we get 

1 = a/ ?£- . L tan S. 

Y (p tan a tn 

In this expression for I there is no quantity which cannot be 
measured directly in one or more of the fundanierital unitB of mass, 
length, and time; and so I can be determined abscdutely by 
measurement made with the balance, the scale of length, and a 
seconds clock. To make an accurate absolute jiieasurcment of 
current it would be necessary to adopt less approx iujate relations 
than those given above and to secure the utuiost accuracy 
possible in making the fundamental measurements, but the outline 
just given sufficiently indicates the method. 

The absolute measurement of current can aim be made by 
measuring the attraction between two coils carrying the same 
current and placed with their planes parallel , at riglit angles to the 
line joining their centres.- If / be the current in the coils and M 
the coefficient of mutual induction, the force of attraction is given 
by {dMjdx)^ where dMjdx denotes the rate of change of M with 
a:, the distance between the centres of the coils. This rate of change 
of M can be calculated from the dimensions of the coil system, and 
the force of attraction between the coils can be determined in 
dynes directly. One coil is attached to one pan of an accurate 
balance and the other is fixed in the speoifietf po.'sition under it. 
When the current passes tlie force of attraction between the coils 
can be exactly balanced by placing weights in the other pan of the 
balance, aud from these weights the measure of the force is at once 
obtained in dynes. 

Lord Kayleigh and Mrs. Sidgwiok in their determination of the 
electrochemical equivalent of silver measured the current in this 
way ; as a mean result it was found that the C.G.S, unit current 
deposited *0111794 gramme of silver per second, 

(2) Eesistance, —Two methods for the absolute measurement of 
resistance have already been dealt with in Arts. 299 and 300, and 
a third, known as the mtUnal inductance method^ may be briefly 
indicated. Two coils A and B are connected, one with a battery 
giving a steady current /, the other with a ballistic galvanometer. 
On reversing the current 1 in A an induced quantity Q flt^ws in B, 
such that Q =; 2M1IR^ where M is the coefficient of mutual induc- 
tion and M the resistance of B and the ballistic galvanometer 

circuit. If 5 be the throw corrected for damping, Q = S . 

henoe 2^ = i^.4, i.,. R = 

B TcO 2’ STS^ 
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If a tang^t galvanometer be in series with A and S' be the deflec- 


tion, I “ 


O' 


• tan S ' ,* substituting— 

irlf O tan 5' 
T ' O' ‘ 5 * 


R = 


The ratio OjO' may be obtained experimentally by passing the 
same current through the two galvanometers in series, and the 
other quantities involved can be directly determined in funda- 
mental units. 

(3) Electromotive, Force . — In practice, having obtained the two 
preceding quantities independently in absolute measure, an E.M.F. 
can be determined from them ; but E.M.F. might be measured 
absolutely as follows. If a thin circular conductor be made to 
rotate in a uniform field about an axis at right angles to the direc- 
tion of the field with a uniform velocity w, then, neglecting self- 
induction, the electromotive force induced in the conductor at any 
instant is, as in Arts. 241, 283, given by 

e = JIA(a sin uL 

The maximum value of e obtains when the plane of the conductor 
is parallel to the direction of the field, so that if the circular con- 
ductor be cut, and the ends made to connect automatically with 
the terminals of a voltaic cell every time the conductor passes 
through this position, it would be possible to arrange that the 
E.M.F, of the cell should be opposed to the induced in the 

conductor, and to adjust the speed of rotation until the two 
opposed electromotive forces should exactly balance. We should 
then have 

E = MA w sin 

where H can be determined absolutely as before and the other 
quantities involved are fundamental. The electromotive force of 
the cell can thus be determined in absolute units. 


Examples. 

1. The value of H at Kew is *18 O.O^S. unit ; express this in mm.^ 
mgm. f min. units. 

Dimensions of field = ^ 

L^T 

1 mm. = cm. ; 1 mgm. =» gramme ; 1 min. = 60 see. 
To change from the new units into O.G.S. units we must there- 
fore multiply by 


( . 60 
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I new unit — C.0.S* unit* 

|Ve, 1. C.(xS. unit. = 600 new units ; 

4 ‘IS O.G.S. 'unit =2 108 new units, 
ie. H = 1.08, 

2. Find the mnnectim between the voU and {1} the miii^ {2} the 
e, 0 . unit of potential. 

The definitions of the practical units in terms of the C,G.8. 
units (Chapter XI.) really amount to taking MF cm. (an arc of 
the earWs surface), grammes, and the second as the units of 
length, mass, and time ; hence the praeli<jal system is souietimes 
called the q^uadraiat-eleYeath-at-grramme^ second system, 

■Dimensions = , 

.V Multiplier =. (10-»|'2 (iO»P 2= 10», . 

ie, 1 volt = 10® e,m. units. 


1 e.m, unit 


e.B.- units, 


10® e.m, units 


JVote . — The lack of uniformity in the systems of ©kctrical units 
and the complication of electrical equations by the ** 4 r monstrosity ** 
have led to several suggestions for a more rational system. Mt» 
Oliver HeaYXside suggests that unit pole shcndd be taken as that 
which exerts a force of 4v dynes on an equal pole one centimetre 
distant, and evolves a system in which 

One Heaviside Unit of Pole Strength =?: -Lr X C.<iS. Unit Pole, 


Current 


X The Ampere, 


Eesistanoe 


and so on. Professor Pessendeu suggests rationalising our 
formulae by taking the permeability of air as 4t, Other sug- 
gestions have been made, but so far none has Uict with decided 
approval ; so that we are still worried with two distinct systems of 
units which do not in the’ least ooinoide, two distinct sets of 
dimensions neither of which can possibly be correct, and an awk- 
ward 47r in our formulae. 
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Exercises XX. 

Section C. 

(1) Give Lorenz’s method of determining the ohm in absolute 
measure, and describe in detail the apparatus required for the 

(B.E. Hons.) 

(2) What is meant by the expression ‘ ‘ the dimensions of a physical 

quantity”? ^ 

Taking as your fundamental quantities time, length, and mass 
deduce the dimensions of energy and electrostatic potential. ’ 

{B.So.) 

(3) Describe some methods by which the units of current and 
electromotive force may be found in the electromagnetic system. 

{B.So.) 

(4) According to the usual definitions, the dimensions of capacity 

on the eieotromagnetio system are those of the reciprocal of an ac- 
celeration, while on the eleotrostatio system they are simply a 
length. Show how these results are obtained, and explain the 
apparent discrepancy. (B.So.) 

^ (6) Deduce the dimensions in terms of those of mass, length, and 
time, of quantity, potential difference, and capacity, both in the 
eleotrostatio and electromagnetic systems. Show that the ratio is 
expressed by some power of a velocity, and that to reduce this ratio 
to a pure number it is necessary to include the dimensions of di- 
electric constant and permeability. (B.So. Hons.) 

(6) Define the terms magnetomotive force, magnetic flux, and 

reluctance of a magnetic circuit. Find the dimensions of these 
quantities. (B.So. Hons.) 

(7) Describe a method for determining the relation between the 
eieotromagnetio and electrostatic system of units, and state the 
dimensions of the several quantities involved in their measurements 

; .{D.SO.J' 

(8) What are the relations between the several absolute units of 

the electromagnetic system and the units adopted in practice ? 
A foot-pound is 13,560,000 ergs. What horse-power is required to 
maintain a current of on© ampere through 100 ohms, and what is the 
efficiency of a system in which a current of one ampere is sent 
through 1,000 lamps, each of 100 ohms resistance, by the expendi- 
ture of 170 horse-power ? (D.So ) 
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ELECTKIC OSCILLATIONS, ELECT LtOMAGNETIC 
WAVES, AND WIRELESS TELEGRAPHY. 

302. Oscillatory Bisciiarge,— When tlie plates of a 
charged condenser are connected by a large resistance the 
disckirge consists of a steady flow from one plate to the 
other, the charges thus neutralising and the potentials of 
the plates both becoming ssero. If, however, the resistance 
be below a certain value, the discharge consists, not of a 
steady flow, but of a number of rapid oscillations or surg- 
ings to and fro : the first ** rush more than neutralises 
the opposite charge and charges the condenser in the 
opposite direction j this is followed by a reverse rush which 
again “overshoots the mark’' and charges the condenser 
in the same way as it was originally, and so on. Each 
successive oscillation is weaker than the preceding ; thus, 
after a number of such surgings the discharge is complete 
and the potentials of the plates equalised. At each oscil- 
lation the electrostatic energy of the condenser field is con- 
verted into electromagnetic energy accompaiiied by the 
dissipation of a small quantity of energy as heat in the 
conductor (and also by electric radiation as explained 
below). These oscillations take place very rapidly; the 
time of each is the same, and this time is known as the 
period of the oscillations. 

As the result of these transformations of energy it is 
evident that the portion of the medium involved primarily 
in the transformations mttsi undergo a definite periodic 
variation of sfate. This variation of state is propagated 
’with finite velocity throughout the surrounding medium, 
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that is, it is the origin of a set of electric or electro- 
magnetic waves which travel outward in all directions 
into the medium with a definite finite velocity. 

Eedderson in 1857 verified the oscillatory character of 
the spark from a Leyden jar by viewing it in a rapidly 
rotating mirror; the image consisted of a band with bright 
and dark spaces. With a high resistance in the circuit 
the image became simply a b^and, the bright and dark 
alternations being absent. 

303. Period of Oscillation. Pirst Approximation. — A 
first approximation to the time of oscillation in any particnlar case 
is readily obtained if we consider a case in which the dissipation of 
energy at each oscillation is negligibly small. Let 0 denote the 
capacity of the condenser, L the selfdnductance of the circuit, 
the maximum charge, and /o the maximum current during discharge, 
then the energy in the medium is given by 


I f 7 2 


Hence, if the dissipation of energy be neglected and Q and I denote 
the charge and current at any instant, we have 

where E is constant. 

If this is differentiated with respect to time we get 




4 - LI 


dl 


and therefore 


Now 


4" L 


-CL 


This evidently means that Q is quantity such that if we dif- 
ferentiate it with respect to time to get dQ/di and then differentiate 
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dQjdi with respect to time we get the initial result nHiltiplIed by a 
coDstaiit. 

This at once suggests that 


Q(jW cos u)tf 



Qq ain 




. i 'It 


dt 

ldQ\ 


dt 

1 


QqW’ sin utf 


This result agrees with the oite given above, the constant IjOL 
being represented 

Now the expression Q = Qo sin inrHcales that Q is a peri<xiic 
quantity varying harmonieaily betwewi tiie iinjits and 
and the period of its variation is 2ir/o;, for w/. change's from zero value 
to 27r in that time and goes through its full cycle of values within 
these lindts. Now this period 27r/w is evidently the period of oscil- 
lation of the discharge, and since = l/OL the period of oscilla- 
tion is given by 

■ 41 ) 

and the frequency {»), viz, i /^, is 

” = 

If L be in C.G.S. eleotromagiietio units and G in CXG.S. electro- 
static units, then, since the latter is equal to 67(9 X ICF®) electro- 
magnetic units, 

304. Period of Oscillation.' Second Approximation.— 
In the preceding we have neglected the energy dissipated by the 
Joule heating eflecb. If We include this we must change the equa- 
tion given above by adding the rate of dissipation of energy, 
to the two other rates of change of energy before equating their 

algebraic sum to zero* This gives, after substituting ^ ^ R for 

PR and simplifying, 

d(^\ 

^ JL L \ di / , 7> dO _ rt 
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Til© expression for Q for which this relation is true depends upon 
whether the roots of the quadratic equation 

Lx^ + 4- -i = 0 

u 

are real or imaginary. 

Case 1. If the roots are imaginary, that is if the value 

G 


of, Q is given ,by 


where' 


Q = A& 


I 

LG ‘ 


cos {tat 4- a), 

■JL 


By this result ^ is a periodic function of the time, its successive 
maximum values decreasing in geometrical progression as t increases 
in arithmetical progression, and, as above, the period of oscillation 
is 


and the frequency is 


„ = ±V— 

27r V 0^ 


When R — 0 these evidently reduce to the simpler results, 
t =s: ^TTsJLOi ete., given above. 

Case 2. If the roots of the quadratic equation are real, that is if 
i2^> then the value for Q which satisfies the above relation is 


where a and are the roots of the equation. From this equation it 
will be seen that as t increases Q never changes sign, but steadily 
decreases, reaching zero value only after an infinite time, but be- 
coming negligibly small in a very short time. 

It follows from this that the relation = 

gives the limiting value of R for oscillatory discharge. If R exceeds 
this value the discharge is continuous, if less than this it is oscil- 
latory. 

The above value of i is only a second approximation. The loss of 
energy by radiation and the uncertainty as to the value of R for 
the rapidly alternating discharge current have not been considered. 
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305. Hertz's Earperimeiits.— Heri//. investigated elec- 
tric oscillations and waves bj means of apparatus in wbicb 
the oscillator or vibrator %vas a duml>-i)eII-Hliape(I brass 
conductor. The rod connecting A and B was cut so as to 
give a small gap at ah (Fig. 474) l)etween the two small 
brass balls a and h. The portion Aa was ilifui connected 

to one pole of an induc- 
tion coil and Bb to the 
other pole as shown. 

When tliB' .induction 
coil is worked Aa, saj, 
is charged to a higher 
potential than Bb, then 
a spark passes at ah, and 
the ;pathof this sparh on account of its comparativeij low 
resistance practically connects Aa and Bb as one con- 
ductor, and the potential is equalised by rery rapid electric 
oscillations in this conductor. The cycle of (dijiiiges that 
go on in the medium near the vibrator during one complete 
vibration is that associated witli the transformation of 
electrostatic to electromagnetic energy, the re-transforma- 
tion of electromagnetic to electrostatic energy, and, during 
these, a gradual dissipation of energy as heat. This cycle 
^ of changes is transmitted out into the medium, and the 
sequence of states so transmitted constitutes tine electric 
. waves. When these waves pass a conductor they tend to 
reproduce the electrical conditions in it, that is, electrical 
oscillations are induced in the conductor and small sparks 
may be caused between conductors placed close together. 

Hertz took advantage of this to detect the waves. One 
form of detector used by Mm was a piece of thick copper 
wire bent into a circle, but with a small air-gap between 
the ends of the wire ; the width of the gap could be ad- 
justed. As the waves passed through this circuit small 
sparks were observed at the gap, and it was found that 
the sparks were strongest when the dimensions of the 
detector were such that its period of oscillation as an oscil- 
lator was the same as that of the oscillator originating the 
waves. This is an example of the general principle of re- 
$<mance, and a circuit showing electric resonance is specially 


' 3 > 


a b 
Fig. 474. 
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effective in detecting electric waves. Bj the proper adjust- 
ment of inductance and capacity it is possible to adjust 
the period of the detector within wide limits, and so tune 
it to resonance in any particular case. Further, it was 
found that the gap in the detector must be parallel to the 
gap in the oscillator, for the wave is polarised, 

{a) Determination of Wave Length and Velocity, — Electric waves? 
are found to pass through stonework, woodwork, and other similai 
substances, but suffer reflexion at a wall of good conducting material. 
Hence, if a large metal sheet be set up with its plane at right angles 
to the line of propagation of the waves, a stationary wave is pro- 
duced between the vibrator and the reflector. The reflecting sur- 
face marks a node in the wave, and successive nodes or internodes 
are at a distance apart equal to one-half the wave length. By 
means of a detector the positions of the nodes and internodes are 
readily detected by its quiescence or activity, and the wave length 
determined. Hertz adopted this method. 

If 7 be the wave length, n the frequency calculated from the data 
of the oscillator, and v the velocity of transmission^ of the waves, 
then V = W 7 , so that v is determined. Hertz found the value to be 
3 X 10^® cm. per second, that is the velocity of transmission of 
electric waves is the same as that of light waves. The medium in 
which the electric waves are propagated is the ether. 

Sarasin and De la Rive have pointed out that the interpretation 
of the above experiment is faulty unless the detector is syntonised 
with the oscillator, for the distance between the nodes in the experi- 
ment with Hertz’s apparatus depends more upon the period of the 
detector than of the oscillator. 

(6) Illustrations of Reflection^ Refraction^ etc. — Direct experiment 
has shown that electric waves can be reflected, refracted, etc., in 
accordance with the same 
laws that apply to light. 

Hertz used a metallic mir- 
ror of parabolic cross-sec- 
tion with a simple vibrator 
fixed at its focal line as 
shown in Fig. 475. The 
waves originated at the 
vibrator are reflected from 
the mirror in a direction 
parallel to the axis of the 
cross-section, giving a beam 
of parallel radiation. If the beam is received on a similar mirror 
the waves are found to be focussed at the focal lines and well 
marked sparks are produced in the vibrator fixed at the focus. 

To exhibit refraction Hertz passed the beam through a prism of 



Fig. 475. 
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pitch, using one parabolic mirror If |Fig. 476), fitt.ec! with a vibrator, 
to originate the waves, and another M\ also fit-ted willu'i vibrator, 
aa a receiver of the refracted beam. The beam of elcftirie radiatifjn 
from JIf was found to be refracted in the same way as a beam of 




. Fig. 476. 

light, the direction of the refracted beam being rca<lily detected by 
the position of maximum spark activity at the vibrator attached 
to M\ 

That the beams consist of polarised waves may bo nhowu by 
arranging the reflectors (Fig. 475) first with the focal parallel 
and then with .the focal lines at right angles ; in the former ease the 
detector responds, but it does not do so in the latter case. 

306. lra1>oratory lEetiiods for the Pro4tictioix> 
Detection, and Investigation of , Electromagnetic 
Waves, — For experimental work some form of Hertz 
oscillator is frequently employed. If A and B (Pig. 474) 
be circular plates of radius r cm. the electrostatic capacity 
of each is 2r/v, and since the two are really in series the 
total capacity is one half of this ; hence, assuming this to 
be the whole capacity, we have 0 = rjir e.s. unite. The 
inductance L may he calculated from the relation L = 

2Z ^loge ^ — 1^, where I is the total length of the tw^o ixxls 

and d the diameter, both in centimetres ; this determines L 
in e.m. units. 

A form of oscillator due to Lodge consists of two small 
brass spheres 'S cm. diameter and 1*2 cm. apart with a 
larger one '8 cm. diameter fixed between them, the smaller 
spheres being connected to tbe induction coil and therefore 
sparking across the diameter of the larger one ; the wave 
length with this oscillator is about 1*85 cm. 

Another type, also due to Lodge, consists of two spheres 
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•5 mcli diameter sparking to the interior of a copper 
cylinder 2 inches long and 2 inches diameter ; the wave 
length with this oscillator is about 8 inches. 

For the detection of the waves, a coherer the principle of 
which was discovered by Lodge and utilised by Branley, 
Marconi, and others may be used. A simple form is shown 
in Fig. 477. Two brass, copper, or silver discs d, d, each 
soldered to the end of 
a copper wire w, are 
fitted into the glass 
tube gg, and a thin 
layer of filings rests Fig. 477. 

lightly between the 

discs. If this coherer is placed in the circuit of a battery 
and an electric bell, the contacts made by the filings 
between the discs may be so adjusted that the current 
passing will not be strong enough to zing the bell. If, 
however, waves from a distant vibrator fall upon the 
coherer after this adjustment is made, the contact at once 
becomes good and the bell in the circuit rings. If the 
coherer is slightly tapped the contact again fails and the 
arrangement is again ready to detect the incidence of the 
waves. In Marconi’s coherer the plugs d, d are of silver, 
the filings are a mixture of nickel and silver, and the tube 
is exhausted and sealed. In laboratory work a suitable 
galvanometer may take the place of the bell above. 

Even from the facts so far mentioned the reader will be 
prepared for the statement that light and electromagnetic 
waves are identical except as regards, wave length and fre- 
quency, the latter consisting of slower vibrations and much 
longer waves than those of light. The wave length of the 
visible spectrum ranges from *43/x (violet) to *75p- (red), 
where fx is the symbol for one micron or *001 millimetre. 
In the ultra moZe^ waves have been detected as short as 
T/x possessing properties similar to light waves. In the 
infra red waves have for some time &en known as loiig 
as 61*3/*. Some distance beyond the infra red come the 
electromagnetic waves dealt with above, the shortest being 
about 3 mm. (3000/*), whilst those used in wireless tele- 
graphy range from a few hundred feet to four or five miles. 
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478 sliows ciiagraiiiraaiicallj, with- 
iui the limits o£ the Rkotch, the range of 
the ether waves referrti<l to. 

307. Commercial Methods for the 
Frodnctioa and Betection of Elec- 
tromagnetic Waves, Wireless Te- 
legraphy. — ^For the hiaforj of the de- 
■velopment of -wireless tafegraplij from 
the initial experimental stages indicated 
above to its present position tfie student 
must refer to specialised works on the 
subject. 

One f«>ri 2 i of transmitting circuit is 
shown in Fig. 47lh The (condenser G 
and spark gap S are in serifjs with one 
winding of the transformer 1\ the other 
winding of the transformer being joined 
to a long vertical conductor A (known 
as the antenna or aerial) and to mrth. 
The contact K and tlierefore the in- 
ductance in senes with the aerial is 
adjusted until the aerial circuit and 
condenser circuit are syntonised, ie. 
until the period of oscillation of the 
aerial circuit is equal to that of the 
condenser circuit. The ** charging ” is 
effected from the secondary of the 
transformer the primary of which 
is connected to an alternator; tins cir- 
cuit also includes an inductance L and 
a switch the latter l)eing used to 
produce the required ** longs ” and 
“ shorts ” of the Morse code. At each 
discharge oscillations occur in the con- 
denser circuit; these induce oscillating 
electromotive forces and currents in the 
aerial circuit, and the two being synto- 
nised the aenal becomes a powerful 
source of radiation of electric waves. At 
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the receiving station the waves encounter a similar aerial 
and produce electric oscillations in it. 

In place of the simple spark gap 8 a rotary spark gap 
is often employed. A wheel carrying a number of project- 
ing studs is rotated between two fixed studs in the con- 
denser circuit and arrangements are such that the fixed 


COUPLED CIRCUIT 


PRINCIPLE OF ROTARY SPARK GAP 

Fig, 479 . 

and moving studs come opposite each other at the instant 
when the condenser is fully charged, i,e. just when the 
spark is required. 

The coherer as a detector has been replaced by others 
more suitable for the purpose and known as magnetic, 
thermal, and rectifying detectors. The principle of 
MarconVs magnetic detector mllhe gathered from Fig. 480 
It consists of an iron wire band I which passes over two 
pulleys P, P and is rotated by clockwork In one part of 
its journey it passes through a coil 0 which is either 
directly or inductively coupled to the aerial ; a second coil 
.P is connected to a telephone. Magnets Jf, M are placed 
as indicated, so that the band becomes magnetised in 
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passing ; but owing to hysteresis the magnetised portion of 
the band is not opposite the poles, but is displac^^d in the 
direction of rotation. When an electric OHcillatioii passes '. 

thro'ogii Gy. due to 
waves from the trans- 

' r laitting station, hys- 

^>> teresis is wiped out 

and the iiiagnetised 
■ _ ' portions of the iron 

j band are then oppo- 

< E-Ii site the poles. This 

I [^ * ‘ change in the posi- 

Jj { tion of the magnet- 

> /Th iti ^sed portions results 

induced current 
' in the coil D and the 

wnc'rn'nnw teleplione is affected. 

1 i 1 [ J The iierial circuit is 

of course tuned to 
the arriving waves. 

Fig. 480. Wu$mde7i% thermal 

detector coii8i,sts of a 
platinum wire in a vacuum tube. When an oscillatory 
current passes through the wire its resistance is increased, 
and this change in resistance is utilised, indirectly, to 
operate a telephone. Other types are in use. 

Rectifying detectorSy one type of which consists of a 
carborundum crystal between two brass plates, depend 
for their action on the fact that their conductivity is dif- . 
ferent in different directions, so that an oscillatory current 
may be partially changed into a direct current by clicking 
down the flow in one direction. These are now eifensively 
used in practice, and Fig. 481 shows the arrangement of 
a receiving circuit fitted with such a detector. 

The aerial circuit is adjusted to syntouy with the arriv- 
ing waves.. The othey coil of the transformer T and the 
condenser form an oscillatory circuit syntonised to the 
aerial circuit. The detector D in series with a second con^ 
denser Og is in parallel with 0^ and the connections to the 
telephone t are as indicated. The waves arriving at the 
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aerial set up oscillations in it whicli induce oscillations 
in the condenser circuit. This tends to cause currents to 
flow to and fro through D into and out of but owing 


Fig. 48L 

to the property of D mentioned above current in one direc- 
tion only passes, so that 0^ is charged. This charge in one 
direction, due to the arrival of a train of 
oscillations, is given out to the telephone 
circuit as a single unidirectional current /— 
flow; Many such detectors work better Yf^j JL 
if they have a small current flowing \ \ / J 
through them; hence the insertion of \\// 
the battery B. Other types of crystals It 4 
are in use. T” 

Valves are now largely used in wireless. f — * 

An early ty pe of val ve known as the diode 4 . 

is shown in Fig. 481 lu It consists of ng- 4Sla, 
a fllament lamp fitted with an elec- 
trode P known as the plate or anode. When the filament 
is incandescent it emits (negative) electrons, so tliat if P 
is joined to the positive pole of the cell as shown and 
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therefore maintamed at a positive putf‘iinal tJie eiectrons 
are attracted towards it. This laoveiuent of electrons 
from fiianient to plate constitutes an electric current from 
plate to filament,, and the measuring instrument will l)e 
deflected. If the cell connections be njversed, liowever, 
the current stops. If an oscillatorv current bo used 
instead of the cell 0, current will flow when the upper 
terminal is positive but not whom the up|?or terminal 
becomes negative. Thus we maj say that the lamp or 
valve possesses unilateral coiiductivitj siinllar to the 
crystal dealt with above, and this indicates its use as a 
detector. Note particulaidy that in order to get a current 
through A the ‘positive pole of the hatter tj ninst he joined to 
the plate: this current is referred to as the plate mu-rent. 

The modern valve 
used in ‘‘ wireless and 
known as the triode 
consists of a tungsten 
filament an d a pi ate with 
a wire grid between 
them, the three being 
quite separate from each 
other. Imagine that 
the plate and filament 
are joined to a battery 
(from 50 to 100 volts 
in practice) as in Fig. 

481a so that electrons 
are passing from fila- 
ment to plate and there- 
fore a plate current is 
flowing through the 
valve from plate to 
filament. Imagine now that a griti between F and W 
acquires from some outside source a negative potential. 
It will repel the electrons coming from the filament and 
stop many of them from reaching the plate; ijcnce the 
plate current will decrease and so will the deflection of 
the instrument A (Fig. 48 la). If the potential of the 
grid becomes positive it will attract the electrons and (as 
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P is at a Mglier potential in. practice) they continue their 
motion to the plate; thus the plate current will increase. 
There are many other important points abouh"this which, 
however, cannot be treated here ; for the present we merely 
wish the student to see in a general and elementary way 
how the grid potential affects the plate current. 

Pig. 4815 really shows the effect of the grid potential on 
the plate current, potentials to the left of 0 being negative. 
Thus when the grid has the negative potential OB it stops 
all the electrons and the plate current is zero. As the grid 
potential rises to zero the plate current increases to the 
value OA, and as the grid potential becomes more and 
more positive the plate current rises according to AG DU, 

Pig. 481c shows the 
principle of one method of 
connecting up a triode as 
a simple detector. The 
high tension battery (as 
it is called) in the plate 
and telephone circuit is 
shown on the right and 
the (1*5 to 6 volt) filament 
battery is shown at the 
bottom of the figure. The 
grid circuit is as indicated 
and the student must note Pig. 48lc. 

this carefully. The oscil- 
latory P.D. betw^een the grid and filament set up by the 
arriving waves causes a corres^ponding (but greater) variation 
in the direct current flowing between plate andfllament and 
through the telephones; tliim the messages are received. 
Por further details the student should consult the author s 
Fir st Course in Wireless. 

We must now leave the experimenfcal ” and commercial,” and 
pass to the ‘ * theoretical ” aspect of electromagnetic waves. 

308. Magnetic Tield due to the Motion of Faraday 
Tubes.— The inferences, as has been indicated in previous 
chapters, from the results of many experiments and con- 
siderations go to show that the seat of electrical effects is 
in the medium. The flow of an electric current has been 
shown to be the motion of Paraday tubes, the ‘‘ current- 
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carrying condtictor is the surface along wldcli the ends 
of the tubes mo¥e, ami the distincfioa hetweea a con- 
ductor and an insulator is that Ihe furirior is a substance 
along the surface of which the ends of the iubf^s can move, 
whilst the latter does not permit this. Fiirtlier, tmergj 
is really transferred /rom ihe medium to ike edrcuii, and 
Poynting has shown that the 'paf.hs along which the 
energy passes into the circuit are the intersections of the 
electrostatic and magnetic equipottjntial surfaces. 

Let A and B (Mg. 482) m two insulated pfiralld plates 
forming a condenser. A is charged positivitj t.o a uniform 
surface density <r, and B negatively to a uiaform surface 
density — cr. There is at present only elc(!t.ro.stat ic force 
between the plates, and Faraday tubes stretch from plate 
to plate ; let I) be their iitifiiber |)er unit 
area. How let A and B Ixj joint ui f w a wire 
of high resistance. At once the Farada? 
tubes joining A and H move towards the 
wire, their ends meeting in tiis wire, and 
besides this drifting there is : a current 
down one plate and , iip the iitlier* Hence 
a magnetic held is crmted, Le. a field is 
created due to the motion of .Faraday 
tubes.^ This field is perpeiKliciilar to., the 
direction of the tubes and to thcs direction 
of their motion, ie. perpendicultir to the 
plane of the paper. 

Let i equal the cmmnt per unit length of A and B 
measured perpendicular to the paper. Then if E is the 
magnetic field between A and B we have by Ampm's 
Theorem -r*. . . - ■ i •' 

H = iTri. 

If V is the velocity of the ends of tlie Faraday tubes we have 

. t = <r» ^ 

= J)v, 

H = 4ffD«. 

It IS obvious that if the direction of motion is inclined 
at an angle 6 to the length of the tubes, 
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309» ' Eiiergy' and' Mass associated witk Paraday 
TaBes.—- Since there is a magnetic field between A and B 
there is also magnetic energy stored between A and B,, 
This energy (Art. 274) is given by the expression 

B = per unit volume 

OTT 


= per unit volume 

= {4^Trp(.D^}v^ per unit volume, 


which may be written as fMh*, i.e. the tubes may be 
supposed to drag up through the space between A and B 
something whose mass per unit volume is given by 


M = 4i7rfxD^ per urfit volume. 


As an analogy we may consider the hydrodynamicai 
cases of spheres and cylinders moving through liquids. 
With a moving sphere is associated a volume of liquid 
equal to half the volume of the sphere, while with a 
cylinder moving perpendicular to its length is associated 
a volume of liquid equal to the volume of the cylinder. 
Therefore, regarding these tubes as cylinders moving 
through the aether in a direction perpendicular to their 
length, we can say that is the mass of the aether per 

unit volume carried up by the JD tubes passing through 
unit area. The mass of the bound aether per unit length 
of a single tube is therefore given by 


Ml = 47r/jtD per unit length. 

Clearly, if the direction of motion be at an angle ^ to 
the length of the tube, 


sin^ 6 per unit volume, 

Mj =: 4w/jtD sin® 6 per unit length of a tube. 

The pull in a Faraday tube is, by Art. 98, equal to 
2TrBIKf so that the pull bears a constant ratio to the mass 
per unit length, Faraday tubes may, therefore, be re- 
garded as stretched strings of variable tension and mass 
per unit length, the I’atio between pull and mass per unit 
length being constant at all points along the tube. 
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310. Velocity of a Ifransverse Pulse along a mov- 
ing Paraday Tnise.— Consider' a Fara<lay tube Btretch- 
ing between two points P.and Q, It bas-becii shown that 
the tube bears a considerable restunblaiKie to a ntretclied 
string in that it has tension in the direftion of its length 
and possesses mass. Suppose the end F to bo moved in a 
direction perpendicular to the tube ; as the latter possesses 
mass, a finite time will be required for the part s near Q 
to take up the new conditions consequiuit iip<)n the trans- 
verse motion of P, f.e. the transverse disturban^,^e will be 
propagated along the tube with a definife veliMuty. 

It is well known that the velocity of propugatiou of a 
transverse wave along a stretched string 


V Mass of unit lengtli of string’ 

but before we can apply this formula to find the velocity 
of a transverse displacement occurring in a Parailay tube 
we must remember that, as the Paraday tube is I mounded 
by other tubes, the problem is not exactly analogous to 
that of finding the velocity of a transverse wave in a 
stretched string. 

In Arts. 96 and 98 it is shown that the tensloii (i,e, pull 

• KF^ 

per unit area) in the Faraday tube system = while 

OTT 

^ j the transverse pressure (ic. 

^ area) on a tube 

A 1 is also — . 


J ^ therefore 

the tension and Intend pres- 

, '.dr ' -sure are each equal to — -r- 

Fig, 483. K 

per unit area at points where 
P is the number of Faraday tubes per unit area taken 
perpendicular to their length. 

To find what the tension would be if tliere were no side 
pressures, let us imagine a portion of the tube placed in 
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an envelope (Fig. 483) and a negative pressure equal to 


K 


applied to tlie wliole of the contained aether. This 
neutralises the lateral pressures and makes the tension 
along the tube equal to points where there are D 

tubes per unit area, ie. the pull in a single tube = — 

jDL 

The velocity {v) of the transverse disturbance is there- 
fore given by 

^ V 47r/xi> 

The above formula for the velocity of a transverse dis- 
placement also holds for the case of a tube moving at any 
angle 0 to its length ; for though the bound mass per unit 
length of such a tube is 4i7rfiD sin- 0, yet in a transverse 
displacement a portion of the tube is moving at right 
angles to its length, and therefore the bound mass of aether 
for such a portion is equal to 47r/AD. 

The next step is to determine the value of 1/y/ i^K for 
some medium, say air. This has been done by the methods 
outlined in Chapter XXI., and v has been found to be 
3 X 10^® cm. per second, the velocity of light ; thus the 
disturbance travels along the Faraday tube with the velocity 
of light. 

Twenty years after Maxwell had published his views as to the 
velocity of propagation of eieotrical disturbances came the experi- 
ments of Hertz which confirmed his deductions. The sequence of 
states due to the transverse vibrations of the ends of the tubes 
attached to the oscillator is propagated with the velocity v deduced 
above. Hertz experimentally determined the velocity of propaga- 
tion and found it to be 3 x 10^® cm. per second. 

33.1. Electric Elasticity and Density of the Aether. —An 
alternative investigation of the value of v may be given. The 
velocity of wave transmission in any medium is expressed by the 
relation v = s/eldt where e is the modulus of elasticity for the 
medium and d the density. 

In order to find the values of e and d, which determine the 
velocity of transmission of electric waves, we may compare the 
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expressions for the energy per unit volume of ia strained medium 
and the energy per unit volume of an eleetrio lieM. In the' 
; first oases if P he the stress, s the strain, mid e the moiMm of 
elasticity, the energy of’ strain per unit volume of the medium k 
■given by ’ 

pa 

or or . 

Now the energy per unit volume of an eleofcrie field Is F-Kf%v 
and F is 4Tv/Jr. Hence, combining tliese two oxpressloiiB, wo mm 
express the energy per unit volume as ^ 

i/JV or or 

If now F be taken to represent the stress in the elijetrkj field and 
<r to represent the strain, then the three expressions jimt uiven 
correspond exactly with the three similar ones given hiidier up and 
it will be seen that the electric elasticity is represented^ by AtI'k. 

Again, in the case of a mass 7n moving with a vehxhtv u the 
kmetio energy is W. Now the energy per unit volu.no’in a 
magnetic field is and if wo take the case of the field inside 

an endless uniformly wound coil of n turns per unit lenuth carrvinir 
a Cerent/, the value of H is and the energy per unit volume 
IS Wp. or i Now n/ is the ra^^.lf cirspCment 

of electricity round unit length of the coil and represents electrical 
velocity m the same way as <3r represents electric strain or displace- 
ment. Hence, comparing | . 45r/4(a/)« with the qimntitv 4ra 
evidently corresponds to m and measures the electric mass or 
Sedium^^^ volume. That k, 4r/i is the electric density of the 

The velocity of eleotrio wav^ in a medium for which 4wlK is the 
electric elasticity, and the eleotrio density, m evidently given by 


" = ^ = V-k- 


Kp 

, Electromagnetic Waves generated W am Os- 

ciHator.j-We can new deal more exactly with the waves 
generated by the oscillators of Arts. 805 and 806 
Fig. 484 (a) depicts the Faraday tubes of the oscillator. 
When the oscillator begins to discharge the ends of the 
tubes move along the rods, thus constituting the electric 

magnetic tubes appear as 
concentric circular curves with their centres on the rods as 
shown at y in Fig. 484 (5). Owing- to the « mags " pro- 
perty of the Faraday tubes previously dealt with, and^tlie 
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thrown off as shown in Fig. 484 (e). The next “ 
will give rise to another set of closed loops (Fig. 484 (/ )), 
and so on. It is this detachment of loops which constitniBS 
electric radiation, the loops traTelling outwards with the 
velocity l/VJIja. It will be noted that the direction of 
the electric strain is opposite in successive Ioops» and so 
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rapidity of the oscillations, the tubes do not approach the 
rods as quickly as their opposite ends move along them, 
hence they take up the form shown in Fig. 484 (c). At a 
later stage the ends of the tubes will have crossed over ” 
as Indicated in Fig. 484 (d), and a closed loop will be 

^ ^ 

# / / ^ ..--tr*"-* ' \ ' ' 







372 


EliSCmiOAI. OBCthhATIOm AND WAVES. 


also IS the magnetic force4iie to tlie motion, tbe magnetic 
force being,,, as already ■ meationedl, at right angles to tiie 
. direction of the electric strain ami the motion. 

Instead, of .saying that the loops travel outwards, it' 
would be more exact .to say that a loop ‘Mies” at one 
place and is re-cri‘afed'' at 
■. another. Each tube bIi rinks, in 

and fall of wliieh re* 

■ < 2 reato loops of elecdiiestridn,aiH^^ 

hence the ellVct is ec|iiiTa* 
progrchSKioii ihrongh 

space of two sets of straiu, electric 

B%. 485. . 'and magnetic, whirdi eoiistitnte 
j . ,, ■ ■ tim ekctromagncitic wave. 

telegrapliy. saute tJie lower end 

_ Coasider MW the two loops of Pig. 485 (a) in which XY 
is normal to the oscillator, at its mid-poiut. At points 
such as P the magnetic force and the electric displacement 
or strain hare their greatest ralues, at Q they are rero. at 
p + 0 * 1 ® greatest but in the opposite direction to 
r, at S they are agam zero and so on. Itemembering that 
the magnetic force is at right angles to the electric force 

are^ (^) shows how the three victors 

are^ related and depicts graphically the electromagnetic 

explanation of the production of stationary waves 
by rneans of a metalbc reflector referred to in Hertz's 
experiments may now be given. Considering the parts of 
the loops plane of the oscillftor tlm tubes 

aw'* I ^ positions of greatest 

? 0 “fi “ opposite dir^tion to 

■a. and o. ^en G meets the reflector a tube D with 

At the refl n® directioS 
At the reflector Q and P cancel each other and a “ node ” 

in time t/4 seconds J) will have moved back to X a distance 
0 a quarter wave length and B vrill have moved’forward to 
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X tliroiigli a distance of a quarter wave length, and as the 
electric displacements are in the same direction D and B 
help .each other at 

X and an “ anti- XA f h 

node ”■ is formed 

there (Fig. 485^^). ^ P,._ fy 

In another quar- 

ter period J. moves ( q- ) _ 

forward a quarter 

wave length to T, , 

and D' moves back {' ,..3 \ 

through a quarter ■ 

wave length to Y ^Yy . 

and as D and A Jb'ig. 485 (a) and (6). 

have opposite elec- 
tric displacements a “ node ” is formed there and so on. 


anu ^ i^xiu ./I J,.. 4g5 

have opposite elec- 
tric displacements a “ node ” is formed there and so on. 
The distance between two consecutive nodes (or antinodes) 
is half a wave length (y/ 2 ) : hence knowing the frequency 
(n) the velocity is found, viz. v = ny. 

Reflector* 
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have determined the velocity of propagation of the w&vm along 
wires ami have fomul it to ecpial that of light, f.eehtir’s arrange- 
ment is shown in Fig, 486.' The tWiJ inctal plates ^4 B are fixed 

opposite and pamile! te the 
piaiC'H of the oseillator ; the 
parailel wiroB ChV and fjf 
um arranged as Indicated. 
W'heii the oscillator is in 
action etatioiiary oscilla- 
tions are set up In, the wires, 
the ends of the wires b,eiiig' 
ixdnte of greatest', ?a,riation' 
of pc>t.eiitlal. nodes 

and aiitintHhis are found by 
placing a neon tube (a “ vaotmm *^ tube ermtaining neon) aisrosn the 
wires: it glows at- the antinodeB, 'but does lejt do so at the nodes. 
In this way the wave length is found, ami knowing the frequency 
the velocity is determined. If a inetaliio connection MF be |>ut 
across the wires the variations at X X are greatest when £F is 
at a node, 

Blondlot used two oylindn-cal condeiiserH, th,e inner coatings 
being tinfoil connected to the spark gap S f,Fig. 48T|, t'lie outer 
coatings of each consisting of two rings of 
tinfoil ,4 B and Oi). The upper rings J / \ 

and G are joined direct to the spark gap fclNDUCTfOH^ 

8i^ whilst B is joined to one side of Si g COIL § 

and jD to the other side by wires each % j| it 0 

1821*4 metros long. The rings are also 

joined by damp threads indicated by the 

dotted lines. When a spark passes at S^ /jV X|\ 

A and G immediately discharge by a spark I_ ^-.-11 

at Si, and later B and D discharge at 8u a ^ 

'the , interval between the sparks at 8% A ; 

being the time : .taken' for. the electro- 

magnetic wave to travel along 1821*4 

metres of wire. This-, time ■, 'interval is r n 

found by noting the distance between the ^ ^ I 

images of the Kparka upon a photogra|>hio i* [ 

plate produced by a rotating mirror. J i i i 

Blondlot’s result was 2*98 X cm. per | f ! 1 

seeond.^ ' ' ' ■ ' . . L*-. „ .*-j 

Fleming’s cyclometer is an instrument Fig. 4S7. 

devised for the measurement of the fre- 
quency of electrical oscillations. It consists {Fig. 488) of a cylin- 
drical sliding condenser 1100 and a wire solenoid LIJ. Tlie 
dielectric of the condenser is a cylinder of vulcanite ; the inner 
coating of the condenser is joined to one end of the solenoid by the 
conductor A*ABBGD, and the outer coating, which can slide along 
the vulcanite cylinder, makes contact with the solenoid by means of 
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the ooimeotion the latter, of oonrse, moving along the solenoid 
as the outer coating moves along the vulcanite cylinder* The 
“capacity*^ and “induotanoe” can therefore be varied by this 


Fig. 488. 


sliding device, which is operated by the handle ff. If then 
oscillations occur in a neighbouring circuit, oscillations will be set 
up in the cymometer, and the effect will be a maximum (indicated 
by a neon tube attached to the condenser coatings) when the period 
of the cymometer is identical with that of the oscillations. 

The apparatus is adjusted for this maximum effect and the frequency 
calculated from the position of the slider pointer on the scale and 
the known constant of the instrument. 

The cymometer may be used for the determination of capacity, 
specific inductive capacity, and inductance by oscillations. Thus 
imagine a Imown inductance and an unknown capacity in series with 
a spark gap. Oscillations can be set up in the circuit and the 
frequency n measured by the cymometer. Since w » I ftw/jLC&nd 
L and n are known, Cis determined. 

Brude made use of the waves along a pair of parallel wires to 
determine the specific inductive capacity of a liquid and the pt'in- 
ciple of the method will be understood from Fig. 486. Suppose the 
wire bridge WFt/O be at a node and a second wire bridge, say GE, to 
be moved along the wires to the left until it occupies the position of 
the next node (a vacuum tube across the wires will indicate when 
GE reaches this position). The distance between the two bridges 
is -| 7 i so that the wave length 71 in air is foimd. A trough con- 
taining the liquid is now sHd over the wires (the latter passing 
through holes in the ends) until tbe near end of the trough occupies 
the position of GM* A third bridge is now placed across the wires 
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.inside the trough and moved about as before until the .distance 
between two nodes is again found*. Thus 72 wave length in the 
liquid corresponding to 7j, the wave length in air is found. 

Now if Vi == velocity of electric waves in air and their velocity 
in the liquid then F1/F2 measures the index of refraction p. , But 
Fj = nyi and F2 = ^73 so that p « 71/72 Again on the, eiectro- 
magnetio theory the dieleotrio constant K is equal to p\ (See next 
section.) Hence: — 

thus K is determined. 

314, Tlie Electromagnetic Theory of .Eight, The 
delation between the Index of Befractioa and 
Specific Inductive Capacity, Fresnel and MacCtil- 
lagh’s Vibrations,— -The facts already dealt with in this 
chapter support the theory pnt forward by Maxwell that 
light waves are electromagnetic. In addition to the 
identity of velocity and various laws, both are propagated 
through a vacuum and both therefore require an aether ; 
the electricar’ aether and the optical aether are 
identical. 

Again, if and Va are the velocities of electric waves in 
two media, then 

V «, / iT, ■ ft ■ 

Now for all transparent na^edia ft and ft are practically 
eqnal and vjv^ — p, the index of refraction from the first 
medium into the second. Hence for transparent media 
we have 



If the first medium is air, for which ST, = 1, then 

That is, the specific rndnctire capacity of any medium 
(relative to air as unity) is equal to the square of the index 
of refraction of that medium. The index of refraction here 
involved is the index of refraction for electric waves of long 
wave length. If we take the optical index of refraction. 
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however, we obtain the following; in the last two cases 
the discrepancy is very marked. 


Air , ... 

E. 


1-000590 

1-000588 

Hydrogen 

1-000264 

1-000270 

Benzol ... 

2-21 

2-20 

Paraffin 

2-29 

2-02 

Petroleum oil ... 

2-07 

2-07 

Carbon bisulphide 

2-67 

2-67 

Flint glass 

10-12 

2-92 

Water ' 

80-90 

1-78 


The agreement becomes nearer when p is measured for 
the slowest light vibrations and K for the most rapid 
electrical vibrations. In the case of water recent experi- 
ments with electric waves give 81, which is in agree- 
ment. 

In the case of polarised light FresneFs theory is that 
the vibrations are perpendicular to the plane of polarisa- 
tion, and MacCullagh’s theory is that the vibrations are 
in the plane of polarisation. We have seen that in an 
electromagnetic wave we have both electric and magnetic 
forces at right angles. Theory shows the magnetic in- 
tensity is in the plane of polarisation, the electric inten- 
sity being perpendicular to that plane. These are both 
vibrating quantities, so that the former corresponds to 
MacCullagh’s and the latter to Fresnel’s vibration. 

The energy is of course partly electric and partly mag- 
netic; the former at any point is and the latter 

per unit volume. But pB?j87r = p {4mBvyi8Tr = 
Stt/aDV = 2TpB'fKp = 2TrByM:. The energy is there- 
fore half electric and half magnetic. 

Further details are dealt with in Chapter XX Y. 

In the preceding sections the theory of electromagnetic waves 
has been dealt with mainly from the point of view of Faraday 
tabes : we must now pass to a more purely raathematical treatment. 

Efttatiotts of a Tield of Electric and Hagnetic 
IPorces referred to lEtectangnlar Co-ordinates,----The four 
sets of equations of the eleetromagnetio field about to be established 
follow 'directly from important laws dealt with in previous chapters. 
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, SET. A.— <?aws’« theorem the Ut<d^mnmal mducUm ' iekeiric 
or magnetic) over a closed surface drawn in 'a field {electric or mag- 
netic)' is times the total charge {electric or magnetic) indde 
(Arts. 376, 89). 

Consider now the little 
, Y ■ V parallelepiped, drawn in 

, ggljl itg 

_ Qp—r — p sides being parallel to the 

o . ! three co-ordinate axes sc, 

1 A , ; ^2 _Jw Vf «• Let FR = dx, PQ = 

dy^ y dZf UP — dg. Let A’ the 

r die ft electrio intensity at P be 

■ , resolved 'into' .rectangiilar 

components ,Ar,, ■ Mg, 1*, 
.y^ ^ — — >;Ex parallel to the axes a?, y, z 

yyy respectively., 

/j/i/ ■ iNow the intensity at F 

^ ® direotion is A* 

andafcjBitis 

Fig. 488a. F. + fj&,for 

(ISC. dx 

denotes the rate of change .in this direction and dx is the distance. 
The area,, of. each o,f the faces PQTU md.RSVW is dpMz. Hence 
If, A be the dielectric constant.: — 

Normal Induction over PQTU = KMzdg , dz 
Normal Induction over RSFW 


Viaj' j dz 

and since the 'first is inwards and the second outwards, the total 
normal induction for tlmse two faces is 

js:{js!^ + ^^dz)d^.clz-js:s^ds,.dz =: K^dx.dy.dz. 

Similarly it can be shown that the normal induction for the two 
faces PQSR and TUWV is K^^dx^ dy, dz, and for the remaining 

two faces PUWR and QTVB it is K^^dx. dy . dz. Adding these 

dz 

we get the total normal induction for the whole closed surface, i,e. 
Total Normal Induction » K + iMi. dx, dv, dz. 


Again, if p be the volume density of the charge the total charge 
inside is pdx . dy , dz. Hence by Gauss’s theorem : — 



f 

a 

T 


dz 



, F 
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By a similar treatment, if if be the magnetic field at P, and if*, 
Jfg the three rectangular components, we get : — 


dH, 

dx 


_ 47r5 

dy '~dz /T' 
where S is the volume density of magnetism and ^ the permeability. 
If p and d are zero the expression on the left is, in each case, zero. 
Collecting, w© get our first set of equations ; — 
dE, 
dz 
dS, 


dE^ ^ dE, 

dx 


=! 0 if /) is zero 

A 


. i 4 . §Mm 4 . 

dx dy dz 


= 0 if 5 is zero 


SET B, — In Art. 173 it is shown 
that tht, worh done m carrying a unit 
pole round a current ia ir times the 
strength of the current. Now consider 
a very small area PQTU parallel to 
the plane yz (Fig. 4886) ancf let TQ = 
dy and PQ = dz. Let /* be the com- 
ponent in the x direction of the 
current density so that the total 
current through PQTU in this direc- 
tion is l^y.dz. If 'Ey be the field 
intensity along UP\ the value along 

TQ will be JEf« 4 * dz (see above) ; 

similarly, if Et he the value along UT^ the value along PQ will 


dE, 


dH 


4ro 


Fig, 4886. 


Eydy 


Etdz 




= 47r/,. 
dz 


be H, 4- ■ 


Now : 


Work done on unit pole going along PU = 

Work done on unit pole going along fJT = 

Work done on unit pole going along TQ = 

Work done on unit pole going along QP = (^Eg + < 

\ Total work done on unit pole in going round the path 

= - {h, +-~^dz'j dy + (e. + ( 

= (^-l^)dy.dz. 

\ dy dz J ^ 

Equating this to iir times the current, viz, Mi^dy . dz we get 

§Sl 

dy 

The 






380 ELECTEICAL OSCILLATIONS ANB WA?ES. 

be simiiarly dealt with by taking little areas parallel and 
hence we have our second set of equations 

dy dz 


dM:c 

dz 

dH,j 

dx 


A T 


dE^ 

dy 


4tvlz 


m 



SET C.— In Art. 239 it is proved that the induced 
equal to the rate of change of the number of unit tubes of vndnetion 
threading a circuit, i.e. that e = - dF/dt, Now consider again 
Fig. 4886. The induction through the area is fMH^dydz where /x is 

flM 

the permeability, so thate = - dF/dt = - p.~^.J^dy. dz. Further, 

(Lt 


Ey is the intensity (electric) along fZP, and therefore Fy 4- is 

dz 

the intensity along TQ. Similarly F, is the intensity along UTimd 

Mg + ^^^idy the value along PQ. Now intensity is defined as 
dy 

numerically equal to the force on unit quantity, so that intensity 
multiplied by distance will give the work in moving unit miantity, 
i.e. it will measure the E.M.F. ; thus for the E.M.F. round PUTQ 
we have : — 



Sydy - - {b, + dy + (s. + dz, 

• fdMg dMy\ j T 

dS 

equating this to - fz^^dydz obtained above we get !— » 

dMg _ dMy _ _ dEx 
dy dz ^ dt* 


Dealing similarly with a little area parallel to the plane xy and 
another parallel to xz, we obtain similar expressions and complete 
our third set of equations, viz. 

ss - 

dy dz ^ dt 

xz - 0) 


3; 
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i 

i 


i 

•I 

j 

k 



SET D. — In Art 88 ifc is shown that the polarisation or displace^- 
fnent at any point in a medium is measured by the density p on a 
conducting surface placed at that point and by the number D of 
Faraday tubes per unit area at the point. Now Maxwell’s so called 
** displacement current ” is measured by the rate of change of the 

electrical polarisation or displacement; 


in symbols I = 


Further, D is equal to KEjiTr (Art. 88), so that / = ~ ^ 

47r dt 

applying this to our 1 and F components we get : — 


Now 


. K dS^ 

* 47r dt 


: K ^ 

4:7r dt 


K 

4r dt * 


and substituting these values in (2) we get our fourth set of 
equations, viz. ; — 

dH, 

dy 

dHa: dH^ _ j^dBy 
dz dx dt 


dHy _ ^dBx 
dz dt 


dHy 

dx 


dUx dBg 

'W 


31413. Wa¥e Hotioxi.. — Taking the first equation in 
Set 4, viz. : — 

^ dJEJx _ dHg __ dHy 

dt Ik' 

we get on di:fferentiating : — 

^d?Ex _ d fdEA _ d fdEy\ 
df dy \ dt ) dz V dt J* 

Substitute from (8) the values of dExjdt and dEfdt, and 
we get : — ■ , , 


11 

% 1 
N 

4\-t 




1/ dE dE.\l 

df 

dy f. /a\ 

^ dx 

dy J 

) dz 1/ 

A dz dxJk 


_ 1 

. II,; AND. E. 


tFBx dEx d^E, 

^ dz^ dxdz 


dx . dy dy^ 


d^Ex , d^x , d^E 
dy^ dz^' dit^ 
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on adding and. snlbtracting d^BxISx^ on tlie right hand side. 
Hence:— 


^ dm, ,d^E, 

' ^ if ““ dx^ 


. 4. , 

dx\ dx , chj 


iMA 
dz J 


But from '“ the first equation of Set 1 the last term ii 
brackets is zero, hence : — 


^ 4 . f 4 
dx^ d'tf dz^ 


IC/x 


dWs 
df ’ 


Clearly then satisfies the differential equation :- 


dJ^e 

dx^ 


+ 


El 

dy^ dz^ 


1 


which, in works on higher mathematics, is sliown to be a 
general equation of wave motion, the velocity being c. In tliis 
case c is evidently - In the above we started with 

the first equation of Set 4, but similarly ai! the other com- 
ponents of electric and magnetic force can be shown to 
satisfy the same equation. Thus electromagnetic 
actions are pro pagated through the aether with 
velocity I/V'JK/a, which ie, for esrample, equal to the 
ratio of the electrostatic to the electromagnetic unit 
charge, and which has been found equal to the 
velocity of light by various experiments. The follow- 
ing simple case will fix ideas, lend definiteness to them, 
and bring out again the facts already proved in dealing 
with electromagnetic waves from the conception of Faraday 
tubes (Arts. 308-312). 

314c. . A Simpler Cmse of Wave. Motiou.— The 
facts dealt with in preceding pages will be emphasised by 
the consideration of a plane wave, i.e, a wave in wisich 
the intensity is the same over the %vhoIe plane at any 
instant. We will take the plane yz as the plane of the 
wave (the latter to travel to the right in the x direction). 
Hence, since the differential coefficient of a constant is 
zero, the differential coefficients with respect to y and s? are 
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zero smce the plane of the wave. The equations' in' 
Set 3 now become therefore ; — 




dt 


0 : 


dE, 

dt 


F- 


dE, . dE^ 


dx 


...{ay 


These are written down from the equations of Set 3 bj 
remembering that terms of the form dE/dy and dE/dz or 

dEJdy and dEldz are zero. From the fact that — a = 0 

dt 

it follows that E^ is a constant or zero : we must take it as 
zero for reasons into which we need not enter. 

Similarly the equations in Set 4 become : — • 


K 


d^ 

dt 


/) , JT 


and from the first one (as in the case above) E^ is zero. 

Clearly then since il, = 0 and E^^ 0 it follows that 
S and E, t.e. the magnetic and electric intensities 
are both in the plane of the wave, i.e. in the plane yz, 
CJp to this point, then, we are left in the mathematics with 
Ey and Ey and if* and E^ to be definitely settled, 
i^ow let us take E the electric intensity as being parallel 
to the z direction : this means that E in the y direction is 

zero, i.e, E„ = 0. From the relation = — ^|??above, 

dt dx 

if Ey is zero, fl*, is zero. We now have therefoi*e only F* and 
Ey, i.e. the electric intensity in the z direction and the 
magnetic intensity in the y direction. , Clearly then the 
electric and magnetic intensities are at right angles 
to each other, (Compare Fig. 4856): 

Taking now equations (a) above, since Ex = 0, and 
Em = 0 we are left with : — 


„ ^Ey __ dEt 
^dt dx ”****“* 

Taking also equations (6) above, since JF* : 
we are left with ; — 

j^dEt ■ 




: 0 and Evz=:. 0 


884 


ELBCTBIOAL OSCILLATIONS ANB WATES. 


■ From (o) and (d) by differentiating (c) with respect to 
X, and (d) with respect to i we get 


dW, 


dx.dt 


dx^ 
dt^ 

(c) and {d) 


A 

Kfi dx^ 


dm. 


dx.dt 


(«) 


Again from (c) and (d) by differentiating (c) with 
respect to and (d) with respect to x we get : — 


dm, 

' df 


and 

dx.dt dxxlt “ d^'' 


^jg; 

d¥ 


1 d:m., 


if) 


Kjj^ dx^ 

Eemembering that the electrical intensity is in the 
direction, viz. and the magnetic intensity in the y 
direction, viz. jffj,, we will throughout the reinainder of this 
section write, for simplicity, H for IT^, and E for so that 
equations (e) and (/ ) become 

dm _ 1 dm 

dt^ w 

dm_ 1 dm 

dt^ JTja \ 

Now these are the equations to plane waves parallel to 
Ox, the velocity c being Kp. (See Art 8145.) The 
generaisolutiontotheffrstoneis:— 

E =;z a (x -- ct) Hh (« + ci) 

where a and jS are any functions and c = 1/ V Ey>. Further 
a(aj — ct) denotes a wave motion in the direction Ox and 
p (x + c^) one in the direction xO. We will irst consider 
the former in the direction Ox and will take the case of E 
(really, of course, F,) varying harmonically. Let 


■i 
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The curre E in Fig. 488c represents this. The majciintiiii 
value of E is E^, Further, if x be increased bj an amount 
I we get 

E =z Eq sin ~ (a! + 0 = sin x + 

and the curve therefore begins to repeat : hence I is the 
wave length and is represented by the distance OS in Fig, 
488c. At P, X = Z/4' and substituting this in (n) we get 
E =: Eq (viz. Pp in Fig. 488c). At Q, xzz Ij^ and E is 
zero. At P, a? = 3Z/4 and E — E^ (viz. Er in Fig, 
488c) and so on. 

An expression for E (really of course Ej,) corresponding 
to the expression (m) for E, viz, : — 

E =:^ Eq sin ^(x — ei) 

If 

is readily obtained from the relation already established 
dS dE 

in (c) above, viz. p On working out the simple 

at asB 

differentiation and integration we get : — 


E =: — Hq &in^ (x ^ cl) 


Fig. 488c. 




Similarly, corresponding to (n), viz. 
E: 


; Eq sm ^ X 
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This is represented by the curve jff in Mg_. 488c. The 
studGiit ’will iioto that Fig. 488e is id,6ii,tical with i ig. 48t)v 

which we deduced from the idea of Faraday tubes. In- 
cidentally, it is a matter of simple mathematics to show that 
the relation between the maximum values Bq and fliu is 
that = VKE,. 


314:d. Beflection and the Production of Stationary 
Oscillations.— Consider now a plane wave such as the 
preceding travelling, howevei-, from, right to left, i.e. in the 
direction xO towards the plane y.is. From the preceding 
its B equation is evidently 

(«) 


B — B,^ sin ^(x + ct) 

It 


and: the corresponding expression for M obtained as in- 
dicated above is in this ease: — 


If = sin' 4* cO 




Imagine now that the plane f.» is a' metal sheet con- 
stituting a perfect conductor and in which therefore the 
electric intensity must be. zero. The electric intensity at 
the sheet, due to the incident wave travelling from right to 
left is oMained by putting a: = 0, in (f). ie. it is given 
by: — 

Jf = Essm^‘ 

and therefore for the .intensity; to be zero an equal and 
opposite intensity must he set up in the sheet, an 
intensity given by : — ■, 

E. = -Mo, sin . 

1/ 

Now this gives rise to a reiected wa-ve travelling back 
from left to right, and given by the eqTmtion : — 

E Mo.sin.^ {x'- ct) (s) 

V 

for this latter evidently becomes at the sheet (« = 0) 
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sin , Le, tlie necessary value mentioned above 

for tlie electric intensity to be zero in the sheet* ' 
az 




Mq sin 


S 


whilst the E equation corresponding to 
the Tsflected raj, i.e. corresponding ' 


(e) 

Figs. 488d!, 488e. 

Consider now the resultant ^ due to both the incident 
and rejected waves. Evidently: — 

: Ert sin ^ (a? + ct) + ^ 

I y 

= 2Eq sin X. cos ~ ct 

t V 

2ir , 

= a COS -y- ct 

y 

which represents a steady oscillation of amplitude a where 

: 2JJo sin a;. 

6 

The variation in a is graphically represented in Eig. 
488d. At the reflecting surface « = 0, and a = 0. At 
a, x :r:^:l/4i and a is a maximum, viz. 21^0- A.t 5, x = ?/2 and 
a = 0. At d,x = l and a =: 0 and so on. The studen 
should note that this Fig. 488d is identical with Eigr. 
deduced from the view of Earaday tubes. 

Turning now to the question of Ei the JET 
the, incident ray (viz. equation r) is : — . 



wires. The equation above for I satisfies the first condition, $.e. 
/ = 0 when x = 0, Clearly it will satisfy the second condition if 

1 = %L for if Z = 21/ and a? = it follows that sin a? « 0 and 
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obtained from {$) bj simple differentiation and . integration 
as indicated in tlie preceding section and is found to be 

S=- {x-ct). 

I 

Consider now tlie restiltant II due to botii tbe incident 
and reflected waves. , Evidently:— - 


if : 


: H, sin ~(x + ct) 

t 


TT ■ * 2r . 

• Sin y (oj • 


*"cl) 


: 2Hq cos ~ oj. sin ct 

4 I 


n • 2 t r 

=: p sin ct 

where as before ^ = amplitude = 211^ cos z, 

I 

The variation in ^ is grapMcaliy represented in Pig. 
4880. At the reflecting sheet a; = 0 and is a maximum, 
viz. 2JSr^. ^ At a, a? = 2/4 and = 0. At a? = 1/2 and fi 
is again a maximum. At e, x = 82/4 and = 0 and so on. 
The student should note carefully the difference between 
the two cases Pig. 4BBd and Pig. 4880 : where U has its 
greatest variation JJ has its least, and where liJ has its 
least JET has its greatest. 

3146. Waves along Wires. — These can he dealt with by 
methods somewhat similar to those of the preceding Reetions. With- 
out going into the mathematical details, the solution corresponding 
to a stationary wave in the case of waves along paraliei wires 
(perfect conductors) may he approximately stated as : — 

F = P cos ™ X. cos ^ct 

I = Q sin X sill a 
Li 

F denoting “potential” and f “current.*’ 

Now in the case of wires “free” at both ends it is eviuent 1 
must = 0 when x = 0 and when x - L where L is the length of the 
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1=0, Clearly also it will satisfy the second condition if I = L, 
II = I iy, etc. Thus in this case the possible wave lengths of the 
etatioimry waves are I = 2L^ L, §Leto, The general formula for 
this is in fact that I is equal to ^LjN where N is an integer. 


FREE 


FREE 


FREE 

(0 

Fig, 488/. 


(M) 

J’ig. 488^. 


Taking the V equation, at a = 0 K is a maximum. A.tx=L 
(taking the case of ^ = 2L) it is also a maximum. At as = |iy, V 

is zero for cos ~ = cos ~ = 0. 

The variation of V and I for the cases where I = 2L and I = L 
{Le* the “fundamental” and the “first harmonic ”) are graphically 
shown in Fig. 4BSf. 

The case of the antenna used in Wireless Telegraphy may be 
dealt with somewhat similarly. The top end being free is a region 
of maximum variation for V and the bottom end being earthed is a 
node for F, The first two possible cases are shown in Fig. 488^'. 
The student should work this and other cases out for himself. 

Of course, in practice, wires are not “perfect conductors” and 
the capacity and inductance of wires become important when high 
frequency currents are being dealt with : thus there are several 
factors which render the more exact mathematics of waves along 
wires very complicated. 


Exercises XXII. 

Section A. 

(1| Develop expressions for the frequency of the osoiiiations of a 
■discharging ■ condenser, 

(2) : Write a short essay on “Wireless Telegraphy.” 

(3) 'Ex'plain any facts you are acquainted with which support the 
Electromagnetic Theory of Light. 
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SeetioB B. 

(1) Show tlmfc the discharge of a condenser is in general oho ilia- 

tory, and describe one method by which the period of the oscillations 
may be measured. (B.K, Hons.) 

(2) How has it been .shown experimentally that the current in 

discharging a condenser may be alternating in character? hlxplain 
shortly how this fact has been utilised for telegraphing tliroiigh 
space without wires. (BJl Hons.) 


.1 


Bang© of Aether Waves# 

The following table will be interesting; the X-rays artd' Oaniraa 
rays are dealt with in the next chapter. 


Wave* 


Gamma rays 


X rays 
Ultra violet 
rViolet 
Indigo 
Blue 
Green 
YeBow 
Orange 
lEed 
Infrared 


Laboratory clectrio waves 

i' 

Short wireless waves 
Broadcasting band 
Long wireless waves 

4^ 


Approximate Frequencies (per 
ficoond). 


Hundreds of thousands o.f millions 
of. millions ' 


i 


800 milMons of mdHons 


400 miliions of millions 


SO thousand millions 


i- 


3,000,000 

■ 1,000,000—500,000 ■ 
170,000' ■ 

, ■ . 4 " ■ 

Longer waves from an alternator in an alternating current 
power station. 



(2) At lower pressures the column breaks np into alternate 
bright shells and dark patches ; there is aglow on the kathode, 
arai between this and the first bright shell is a dark space known 
as the Faraday dark space. 


Fig. 489. 


CHAPTEK XXIII. 


THE PASSAGE OP BLEOTEIOITT THEOUGH A 
GAS. 

315. Biscliarge at Bow Presstire. — The phenoBiena 
of the electric discharge through gases at ordinarj pres- 
siiixr liaye beea dealt with in Chapter IX. Consider now 
the gas to be in a convenient tube provided with an 
electrode at each end, and, further, let the electrodes be 
connected to the secondary of an induction coil and the 
tube to a pump, so that the tube may be gradually 
exhausted. The following summarises the main results as 
exhaustion proceeds 

(1) At pressures fairly low, say of the order of a centimetre of 
mercury, the discharge is a luminous column stretching from the 
anode almost to tlie kathode ; it is known as the positive colwmn. 
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(3) Most of tiia glow on the kathode moves from it, and another 
dark space appears between this and the kathode, known as the 
Crooktn dark space (Fig. 4B0), 

(4) At lower pressures the Crookes dark space extends until it 
practioaiiy dlls the tube and the glass becomes phosphorescent, tjie 

colour being yellowish green for 
soda glass. It is in this conflition 
that the tube is emitting aether 

E ulsea called X rays, and it will 
& seen presently timfe these are 
due to the tomoardmcmt of the 
walls, etc.,, by negative.! charged 
partielea promeamg j'rmm the. 
kathode, and known as katkode 
rays. 

(5) At still lower pressures the 
current diminishes, and at suffi- 
oiently high vacuum 'no .ou.rrent 
will pass. 


The aboTe phenomenoB 
must be seen to be fully 
realised ; Fig. 490 (De La 
Eue and Muller) will, bow- 
ever, further assist the read- 
er in grasping details. 


316. Kathode Bays-— 
The kathode rays were dis- 
covered by Flucker in 1859, 
and the main properties may 
be briefiy summarised as fol- 
lows; — 

(1) The rays arO' s'liot out 
normally from th©' kathode, 
their direction being in no 
way connected with the posi- 

Fig, 490. tion of the anode. 

(2) They travel in straight 
lines and cast shadows of objects placed in their path ; 
in Crookes's experiment a hinged Maltese cross is placed 
opposite the kathode (Fig. 491) and a shadow appears, as 
shown, on the end of the tube. If the cross be lowered 
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Fig. 491. 


tlie shadow disappears; its shape may perhaps still be 
seen (brighter than the rest) if the rest of the glass has 
become ‘‘fatigued” • 
by phosphorescence. 

(3) A body placed 
in their path experi- 
ences a force tending 
to urge it away from 
the kathode. Thus 
rotation is produced 
in the case of the 
wheel fitted with vanes (Fig. 492), on which the rays fall. 

(4) dhc rays produce heat when they fall upon matter. 
The motion in (3) is probably a radiometer eifect caused 

by the heating of 
the surfaces on 
which the rays fall. 

(5) They pro- 
duce phosphores- 
cence. The colour 
produced on the 
walls of the tube 
where .struck by 

these rays depends on the chemical nature of the glass. 
Lead glass phosphoresces blue, soda glass yellowish green. 
Phosphorescence is also produced in barium platino-cyanide 
and^ the rare earths (cerium, lanthanum, etc.). Some 
bodies change colour, e.g, rock salt, which becomes violet, 
while in some cases chemical changes occur, though very 
likely this is partly due to the heating effect as well as to 
the phosphorescence. The kathode rays have a reducing 
effect. 

(6) When the rays strike a solid obstacle the latter 
becomes a source of aether pulses known as Bontgen or 
X rays. 

(7) The rays are deflected by a magnetic field, the 
..direciion of_ deflection being that in which a stream of 
negatively charged particles would he deflected. The de- 
flection, under like conditions, is independent of the 
gas in the tube before exhaustion and of the kathode 
material' 
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(8) Hie rays “ ioaise ” a gas aad make it a coa<luetor. 

Goldstein (1876) regarded kathode rays as waves in the 
aether, a view long upheld in Germany, but iii huglaud 
Varlev (1871) and Crookes (1876) contomled that they 
were charged particles. Eecent work has c(.nl.rmed the 
latter view ; the rays consist of negatively charged pai tides 
of mass about 1/2000 that of a hydrogen atom moving 
with a velocity about 1/10 that of light and carrying a 
' charge equal to the smallest quautity or “atom ot elec- 
tricity” (4-65 X lO-’o e.8. uuits). They are called cor- 
pnscies ” by J. J. Thomson and “ electrons by J ohusixme 
Stoney. Further, they are not “ matter as 

ordiniily understood but simply “ electricity (Art. 3.18). 

Tlie fact that the kathode rays are Eegatively charged 
was proved by J. J. Tliomsoii as follows. 'Wie apparatus 
(Fig. 49B) consists of a vacuum tube provided with two 
bulbs. G is the kathode, and some of the rays leaving it 




Fig. 493. 

pass through the slit S in a brass plug A, which is used 
M the anode, and strike the opposite wall of the larger 
bulb, giving a phosphorescent patch. Attached to this 
bulb' is a side tube containing an earthed cylinder M, and 
within that, but carefully insulated from it, another small 
cylinder connected by a wire passing through the end of 
the tube to an electroscope or electrometer. 

The cylinders are out of the direct line of fire, and when 
the rays are undeviated the electrometer shows no increase 
of charge. A magnet is now brought up to the bulb and 
the rays are deviated until— as shown by their phospho- 
rescence— they pass through the slit of M into the insulated 
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cjlinder. ^ Tlie electrometer at ' once .shows, that the inner 
cylinder is Being 'negatively charged, thus pi’oving that the ' 
rays carry a negative charge. Of com*se the Mrection of 
also confirms this. 

The charge on the inner cylinder will, however, not go 
on increasing indefinitely, for kathode rays render the gas 
through which they pass conducting, and so, as the potential 
of the insulated cylinder rises, more and more charge passes 
from it across the space to M and so to earth. 

317. A Preliminary USTote to the Mewer ■ Re- 
searches.— Before proceeding to the more recent experi- 
mental work on this subject the following points should be 
caref ully noted : — ■ 

(a) The, effect of the motion of a body charged electrostatically is the 
same as that of a current . — Maxwell proved theoretically that a 
charge of q electrostatic units moving with a velocity A; is equiva- 
lent to a current of qv electrostatic units or gr/{3 X 10^,®) electro- 
magnetic units ; this was confirmed experimentally by Rowland. 

{h) Deflection of a stream of electrified 2 ^eL'>*ticles shot across a 
magnetic field . — Let n be the number of particles in unit length, 
m the mass of each particle, e its charge, v the velocity of propaga- 
tion, and H the strength of the magnetic field supposed uniform 
and perpendicular to the direction of motion. Now by the last 
section the equivalent current due to the particles = 7iev, The 
force exerted on the jjartieles in unit length by the field is, by Art. 
170, equal to nevH^ and is at right angles to both the direction of 
motion and the field. The force on each particle is therefore evB. 
The particle will therefore be defteeted from its straight-line path, 
and will move along an arc of a circle in a plane perpendicular to 
the lines of magnetic force. Let R be the radius of this circle, then, 
since evH is the centripetal force on a particle of mass ?», 


, mv^ = evHf 


Tig. 4.94. 


If AB {Fig- 494) represents the line of 
moving particles before the field is on, and 
AC the line after the field is on, 

AE- = BCm- BO)p 
from whicli, after measuring AB and BG, B 
can be found. If If is known, and if v can 
also be found, it is a matter of easy calculation to find e/m; 

If the particle is projected obliquely to the magnetic field, it will 
move along a helix wlio.se axis is parallel to the field. 

(c) Deflection of a stream of dectrified particles shot across aii 
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deetroMic the field is umform and of HtrengtU A' the 

force on each particle throughout its motion is A«, anil as h.dore, if 
the field is perpendicular to the initial direction of inotiun, h o get 


where if' is the radius of curvature of Uie path._ llie dellcotion m 
this case is perpendicular ti) the initial direction of propagation, 
and w diTBCiioti of the electrostatic field* 

m Case vihen hath fieMs are in ^wn.-ll the electrostatic field 
is perpendicular to the magnetic field the sign of the dil ercnce rf 
uotential may be altered so that the separate dellections due to the 
fields are in opposite directions. In this case, if the strengths of 
th© fields are so adjusted as not to deviate the Btrearn of particles, 
w© must have 


318. Betermination of efm and v for tlie Kathode 

. Bays, Thoms 0 n.*s Me- 
^£==:To pump thod.— sT, J, Thomson 

jHte used the apparatus of 

(0= kathode, 
II A = anode). It was 

placed between the poles 

a\ of a large magnet so that 

^ a, uniform magnetic field 

could be established over 

-- = 1 !) the space indicated by 

Fig. 495. the dotted oval area, this 

field being perpendicular 
to the path of the kathode rays from 0, i.e. perpen- 
dicular to the plane of the paper. Before the mag- 
netic field is established the kathode rays produce a 
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patoli of pliosplioresceiice at a. When the field is' put on 
in one direction the phosphorescent path moves to h and 
when the field is reversed it moves to c. The actual 
deflection of the rajs due to the field is half he and from 
this and the known horizontal distance Aa, the radius of 
curvature jB of the path of the rajs can be determined as 
indicated in Art. 317. 


To determine v, J. J. Thomson used the apparatus of 
Mg. 496. The kathode rajs from G pass through small 
slits in the anode A and in the metal plug JET and this 
narrow beam of rajs produces phosphorescence a.t S, A 
magnetic field uniform over the dotted oval area is then 
applied perpendicular to the plane of the paper and the 
phosphorescent patch moves to 8\ Bj means of the two 
horizontal plates shown in the figure an electrostatic field 
is then put on in the necessarj direction and its strength 
adjusted until it exactlj neutralises the effect of the mag- 
netic field and the phosphorescent patch moves back to 8, 
If X denotes the known intensitj of the electrostatic field 
which Just neutralises the magnetic field of known strength 
if, then from Art. 317 : — 

X 

and V is therefore determined. Turning now to the pre- 
ceding experiment (Big. 495) we have from Art. 317 


m BK 

so that knowing tJ, E, and B the ratio ejm is determined. 
The value of e/m was found to he independ€7it of the maierial 
of the kathode and independent of the nature of the gas in 
the ■ tube 'hef ore exhaustion. 
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" .The' value of ejm was found, to be 7-7 ■ X 10'^ electromag^ 
netic C,&...S. xmits per. gramme, v was found to varj be- 
tween '■2-2 X W and 3’6 'x 10^ cm,. per sec. More recent 
results give e/m U be 1*772 x 10’ e.m. units ptj gramme, 
Simon and Eaufmann give tbe value 1*86 x 10^ e.m. units 
or 5*6 X 10^’ e.s. units per gramme. 

319.' Determination of e/nt and p for tbe Katliode 
Bays. Another Thomson Method.— A second method 
due to J. J., Thomson is interesting and imij be briefly 
dealt with ; it is however not so reliable and accurate as 
the method of the preceding section. 

The apparatus is similar to that of Fig. 493. The Lmtli™ 
ode rays from G pass through the slit in A. and then by 
means of a magnet are deflected so as to full into the small 
insulated cylinder which is joined to the electrometer. If 
N electrons enter the cylinder in one second, Ne will be 
the charge given to the cylinder in one second, and tliis is 
therefore known from the known capacity of the system 
and the change of potential per second indicated by the 
electrometer. Let Ne be denoted by Q. 

Now the rays on entering the small cylinder Ml upon 
one junction of a thermo-electric couple. This themo- 
electric circuit includes a galvanometer from tlie indica- 
tions of which the rise in temperature of the junction in 
one second due to bombardment by the electrons can be 
determined. Knowing the capacity for heat of the couple 
and the rise in temperature per second, the energy w im- 
parted to the junction in one second is loiown. 

Now if V be the veioeity of the kathode particles the 
kinetic energy of each is and since N particles enter 
per second, the energy imparted to the junction per second 
is \NmA^, Thus = w, and since Ne = Q? 1*®* 

N = Q/e, we get 



But from the known deflection by a known magnetic 
field 

e jm _ BE 

m EE e v 



^mV^=z Ee (1) 

Let Z be the distance the electron travels in the magnetic 
field before reaching G and let d be the deflection on G 
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Substituting this for mje in the above we get 


and 


OEM’ 

2w 


The mean value obtained by this method was ejm = 
1'2 X 10’ electromagnetic C.G.S. units per gramme. 
The values of v were of the order 2-4 to 3-2 x 10® cms. per 
second. Uncertainty in the measurement of Q and w 
renders the method less reliable than that of Art. 318. 

319a. Kaufmann’s Method of Determining ejm 
for the Kathode Rays. — In Kaufmanh’s apparatus the 
kathode AT is an aluminium plate (Pig. 496a), and the 
anode A an earthed platinum wire. The chamber G 
behind the anode is arranged between two solenoids, the 
latter giving a uniform field H over practically the whole 
chamber. G is a glass plate so prepared that it becomes 
fluorescent xrnder the action of the kathode rays from K. 
A shadow of the anode A is of course thrown upon G. By 
means of an electrometer the P.D. between JT and A was 
measured. Eaufmann used a Wimshurst machine instead 
of an induction coil. The chamber G was screened from 
electrostatic action. The experiment consists in starting 
the rays and noting the deflection d of the ravs on G when 
the field H is established. 

If F be the velocity of the electron in the kathode rays 
on reaching A and entering G, v its velocity at K, and >» 
its mass, then : — 

where M is the P.I). between A and K indicated by the 
electrometer and e is the charge. Eaufmann assumed 
that V could be neglected in comparison with F and 

■ tlierefore 
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due to tlae field. Then I corresponds to JIB and d to BC 
/in Pig., 494 Prom.. the relation = I?(/(2E — J50) 
ire haT 0 (neglecting BG^ for EG is small) E = P/M. .'The 
expression e m = v/EH of Art. S17 becomes on. .sub- 
stitution for M and writing V for v ; — 


0 _ F.2d 
m HP 


( 2 ) 


Substituting from (1) the value of F, viz. F =: 



we get 




2Ee 


V: 




EV 








All the factors on the right are known, hence e/m is 
determined. As already mentioned his result is 5*6 x 10^^ 




e.s. units per gramme. In ail this new work care must be 
taken not to “ mix up ” the ** units.” 

Now in the case of a hydrogen ion in electrolysis it is 
known that e/m is 9*6 X 10® electromagnetic O.G-.S. units 
per gramme ; hence the ratio of the mass of the hydrogen 
atom in electrolysis to the mass of the electron in the 
kathode rays is 

= g/m for electron _ 1-86 x 10^ _ 

e/m for hydrogen ion 9-6 x 10® ' 

BO that the mass of an electron is roughly 1/2000 of that 
of a hydrogen atom. It is assumed that e is the same for 
the hydrogen ion and for the electron ; this is shown later. 

Radio-active substances give out penetrating rays which consist 
of negatively charged corpuscles, and ejm for these is the same as 
for kathode rays. Rdntgen, kathode, Lenard, and Beoquerel 
rays, as will be seen later, all ionise a gas by detaching from the 
gas atoms negative corpuscles, and ejm for these isolated corpuscles 
is the same as for kathode rays. Ultra-violet light liberates the 
same corpuscles from zinc plates. The Zeeman and other effects 
can be explained by assuming vibrating negative corpuscles in the 
atoms with this same value of ejm. Besides having the same value 
of e/m all negative corpuscles, however produced, have the same 
value for e and m, the e being the “ atom of electricity.’* It will 
be seen later that the atoms of matter are looked upon as consist- 
ing of systems of negative corpuscles or electrons ; this is the Cor- 
puscular or Electronic Theory of Matter. 

We will now leave the electron of the kathode rays and 
pass on to an examination of this same electron as it makes 
its appearance in other phenomena. Other points about* 
the vacuum tube of Art. 315, e,g. X-rays, etc., will be dealt 
with later. 

320. Betermination of e and m for the Electron. 
Condensation Experiments. — It is well known that if 
air saturated with water- vapour is subjected to a sudden 
(i,e, adiabatic) expansion condensation occurs and the space 
is filled with a cloud. Aitken and Kelvin have shown that 
the formation of such a cloud is impossible unless nuclei 
are provided on which the water may condense. In ordi- 
nary air dust particles provide most of the nuclei, but 
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C T. E: Wilson allowed that eondensatioB occurred in dust- 
free *ea8 nroTided tliat a stream of kathode, Eontgeii. or 
ultra-violet rays, or -a stream of rays from radio-active 
matter, was allowed" to pass 'through the gas. ^ Ihese rays 
. ionm the gas, le. produce in it charged ^particles— some 
positive, some negative — called' ions. , With a certain ex- 
pansion the condensation is only formed on the negative 
*ions^j with. a. larger expansion conde.iisatioji occurs ^o.n 
both positive and negative ions. In fact if the expansion 
exceeds 1 : 1*25 in volume, condensation takes place on the 
negative ion whilst if it exceeds 1 : 1*S coiideiisatiou occurs 
on both positive and negative ions. When such^ smali 
spheres fall in ' a gas they soon take a steady velocity due 
to the upward force of viscosity balancing the down%aid 
force of gravitation and Sir. G. G. Stokes has shown 
that : — 

2 pga^ 

9 

where is the steady velocity of a sphere of radius a, 
density p, falling in a medium'of viscosity p. 

^ ^ ' J. J. Thomson in 1898 and II. A. 

^ Wilson in 1903 used this property 

^0 Jind the charge on the negative 
( ] ion and as a negative ion is really 

j an electron loaded up by having 
g-JL 1— one or more neutral 

■ atoms or molecules, the charge on 
R i ■ ' the negative ion is, of course the 

electronic charge, the same, for 
^ example, as tiiat on the katliode 

, rays.- . Wilson’s method is briefly 
Fig. 497. as follows — The lower half of the 

1 A negative ion is an electron loaded up by having aliaelied to 
it one or more neutral atoms or molecules ; at low pressures the 
electron throws off its attached neutral atoms or mokcuks and 
its e/m value is then as stated in - Art. 318. A positive ion is an 
atom which has lost one electron, either alone or loaded up by 
having attached to it one or more neutral atoms or inoleeules. 
The charge carried by a negative ion is equal and opposite to thci 
charge carried by a positive ion. 
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vessel -4^ (Fig. 497) contains water so that the space 
above, for example the space between the horizontal pmtes 
0 and D, is saturated. By means of the tube B the vessel 
J.B communicates with an expansion chamber and a 
manometer, X-rays from the bulb on the left can be 
sent along the space between G and D to ionise the gas 
there. In the first place a few expansions are made in 
order to remove all dust particles, and the expansion 
apparatus is arranged so that, in the experiment to follow, 
the expansion will be such that condensation will only take 
place on the negative ions. Next the plates G and D are 
Joined so that they are at the same potential and the 
X-rays are turned on for a short time to ionise the gas. 
Then the rays are turned off, the expansion produced thus 
forming a cloud, and the velocity with which the top of 
the cloud between 0 and D settles down is noted. G is. 
now connected to the negative and D to the positive pole 
of a battery so that the electric field hastens the fall of the 
cloud and the velocity with which the top of the cloud 
now falls is noted. From the data of the experiment and 
assuming that each drop has one electron for its nucleus, 
the value of e the electronic charge is readily determined. 

Before the electric field is put on, the downward force 
on a particle is 

Mg 

where M is its mass and g is the acceleration due to 
gravity. 

When the field is put on, the downward force on a 
particle is 

Xe + Mg 

since the field X is in such a direction as to hasten the 
fall : ' hence 

Xe '+ Mg ^ 

' Mg ■ 

Mg — 

e- 
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How if = fW/o where a is the radius of a droi » and p 
the density, and from Stokes’ formula a = ■ Sub- 

stituting we get : — _ 

p.g A 

and slum X, and % are known wkilst p = 1 grin, per.c.c. 

: g = 981 eni. per^ sec. per sec. and /x for air = 1*8 x 10"\ 
tbe valne of e is determined. 

Another method is as follows. Before the fiehl is put 
on, the velocity of fall of the top of the cloud between 
0 and D is noted and from Stokes’ formula the radius a 
of the drop is determined. From tliis the mass M is 
calculated. The field is then put on hut with G ■posUiye 
and D negative so that the field ojyposes the action of gravity 
and the former is adjusted until the two lialance and the 
cloud is stationary. When this condition is realised we 
have 

Xe=^Mg 

.. e--Y 

from which e is determined since If, g, and X are Iniowii. 

The early condensation experiments of Thoomon on fclie value 
of e were somewhat different from the above experiments of Wilson. 
In Thomson’s experiments the lower part of a spherical glass vessel 
contained water and the vessel was closed at the top by an 
aluminium plate. This plate was exposed to X-rays and the air 
in the vessel ionised. A sudden expansion was produced, the cloud 
formed, its velocity of fall noted and the radius f)f each drop 
calculated from Stokes’ formula. The total quantity of condensed 
moisture was calculated from the fall in temperature. Knowing 
the radius, and therefore the volume, of each drop and the total 
quantity of vapour condensed the number N of drops was found. 

Now imagine that there are at a particular instant N negative 
ions in the space between the surface of the water and the alumirdiim 
plate. Imagine the latter joined to an electrometer and the water 
surface suddenly charged negatively so as to drive all the negative 
ions to the plate. The charge given to the plate would he Xe and 
could be measured by the electrometer. Knowing Ne and iV, e 
would be determined. This merely indicates ike principle of the 
method which however is not so satisfactory as Wilson’s method. 
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Superposed on the chief cloud he found two minor clouds 
from whose velocity of descent he deduced that some drops 
carried a charge 2e and others a charge 8e. 

Wilson’s mean value of e was 3*1 x e.s.u. ; more 
recent results give 

e = 4*65 X 10“^®e.s.u* = 1*55 x 10”*® e.m.u. 
Combining this value of e with the mean value of efm 
found for the kathode rays, viz. ejm = 1'86 X 10^ electro- 
magnetic O.Gr.S. units per gramme, we get 
w = 8*4 X 10”®® grammes 
as the mass, of an electron. 

Thei*e are indications that the mass of an electron is 
purely electrical, i,e, that the kathode rays, for example, 
are independent particles of negative electricity, the amount 
of charge being the smallest possible quantity or atom 
of electricity ” ; it is now usual to speak of “ the atom of 
electricity ” as the electron,” 

In electrolysis 1 e.m. unit liberates 1*16 o.o. of hydrogen at 0®O. 
and ,760 mm. of mercury. U N be the number of molecules of 
hydrogen in 1 c.c., then ^N will be the number of atoms, and there- 
fore there will be 2’32iV' atoms of hydrogen in 1*16 o.c. If M he the 
charge on a hydrogen atom in electrolysis in e,m. units 

2.32m. 1. 

Now the electronic charge e is 1*55 x lO""*® e.m. units ; hence^ ij 
E and e be equal in magnitude^ 

1 

2*32iY’ 


1*55 X 10-20 , 


, N =x 2*77 X 10i», 


which is in close agreement with the value of N deduced from the 
Kinetic Theory of Gases ; hence E = e, both being the smallest 
charge or ** atom of electricity ” or “ electron.” 

Again, considerations of velocity and diffusion of ions in gases 
lead to the result that Ne = *41, where e is the charge on a gaseous 
ion ; putting e — 1*55 x 10 “ 2 o, this gives W = 2*6 X 10 ^^ (approx.) 
—again a close agreement, (See later). 

We have stated that the charge e measured above in the case of 
the negative ion is the same as the charge for the kathode rays. 
The connection between the two is shown as follows. If ordinary 
ultra-violet light falls on a zinc plate negative corpuscles are expelled. 
If the experiment be in air at ordinary pressure these are identical 
with ions produced by X-rays and the mine of e is that given above. 
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If, the experiment, be in air at low pressure these same corpwHoIes 
have all,, the features of the kathode ray particles arid a simliar t/m 
value. ,,We may therefore conclude from all these results that the 
charges carried by the kathode particle, the gaseous ion, and the 
hydrogen ion in electrolysis are the same, each being the “ atom of 
electricity,” and further, that 'the electronic theory of matter must 
iairly well represent the facts. ' 

320a« Beterminatioa of o/m, e and m for tlie 
Electron. Tlie Plioto-electric Effect.— Hertz, in 1887 
showed that wheii ultra-Tiolet light fell on the negat-ive 
terminal of a spark gap the passage of the spaiic was 
facilitated. Later, Hailwachs and otliers showed tliat 
negatively charged metals, particuiariy zinc and alu- 
mininm, lost their charge when the ultra-violet rays fell 
on them, but that positively charged metals did not. This 
“ photo-electric effect ” is due to the light detjmhing elec- 
trons from the surface, their repulsion by the nagativelj 
charged plate eoiistituting the loss which experiment 
shows : if the plate is positive they are not repelled away 
from the plate and no loss is indicated. The explanation 
of the detachment of the electrons is that the light sets 
the electrons of the metal into forced vibration until 
finally the amplitude becomes so great that an electron is 

ejected froin the atom: 
■ultra-violet light is 
possibly most effective' 
in' this because its 
, .period 'is nearer to the 
vibration period of. the 
electrons in the atoms 
of 'the inetaL^' .If the. 
experiment be in air 
the ejected electrons 
may attach themselves to neutral atoms and molecules of 
the gas to form *Vions”: if in a vacuum the ejected 
electrons resemble the electrons of the kathode stream, 
Lenard’s method of carrying out the quantitative 
measurements on these electrons is as follows : Light from 

' through a plate of 


S 

Tig. 497a. 
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and falls upon an alninminm plate A, tlie latter being 
maintained at a negative potential (about 600 volts). P is 
an earthed aluininium plate provided with an aperture, 
whilst P and G are electrodes which can be connected to 
an electrometer. The electrons pass through the opening 
in P and fall upon B. A magnetic field is then established 
perpendicular to the plane of the paper, the field being 
uniform over the space between P and B, and produced 
by a current as in Kaufmann’s expex'iment. Two curves 
are drawn giving the deflections at P and G for various 
currents in the magnetising coils : the diflerence in the 
positions of the maxima indicates the current to deflect 
the electrons from B to G. Knowing this and the potential 
of A, and the dimensions, e/w can be calculated just as in 
Kautmann’s determination of ejm for the kathode rays. 
Lenard’s result was ejm = 3*5 x 10^^ 
electrostatic units per gramme, but 
later work gave ejm = 5*28 x 10^’ e.s. 
units per gramme, which is in close 
agreement with the value found for 
the kathode rays. The velocity v is of 
the order 10® cm. per second. 

Another method d ue to J. J. Thomson 
is instructive. Z (Fig. 4976) is a zinc 
plate negatively charged and ultra- 
violet light is falling on the face of 
it, which is towards the right. To 
simplify matters we will assume the 
experiment to be in a vacuum. If E 
be the intensity at the surface, the force on an electron will 
be Me towards the right. The electrons will be driven to 
the right, so that a parallel plate P placed as indicated will 
receive them, and an electrometer Joined to P will indicate 
their arrival. , 

Let now a magnetic field be established in front of Z 
and perpendicular to the plane of the paper— say “ into 
the paper/’ Tbe force on an electron due to this field will 
be directed downwards and of magnitude If et; if iff be the 
magnetic field and v the velocity of the electron. Taking 
the '■% and y axes as indicated we have : — 


-J UJ 
U. CC S 

2|ui 
ui > H 

ih 

i 5 


Fig. 4976. 



Tlie solution to (1) and (2) is;- 


Fig. 497c. ^ ^ 

where d = Hejm, 

Now imagine a circle of radios r rolling along the y axis. 
The locus of a point A on the circumference is called a 
cycloid (thick curve in Fig. 497c). The equations are:— 

flj = ^ (1 — cos a) 
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Velocity of electron in x direction. = 

Velocity of electron in y direction r:: 

«r. Acceleration parallel to Ox = ~~ 

Acceleration parallel to Oy =: —■ 

Again, if m be the mass of an electron, the force on it 
parallel to Ox mm^. But the force on it pamliel to Ox 

is Fe due to the plate and Me ^ due to the flelii. An ap- 
plication of the left hand rule will sliow that an electron 
(negative) moving downwards has a force on it (duoi to the 
magnetic field) towards the left Hence for the x direction 
we liaye : — 

= ( 1 ) 

Similarly, for the y direction, rememliering 
plate does not exert a force in this 
direction, we get : — 
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where a = the angular velocity being w. It will be 
clear from the figure that the greatest value of x, i.e. the 
greatest distance of A from the y axis as the circle rolls is 2r. 

Comparing the above equations, it will be clear that the 
path of the electron when the magnetic field is on is a 
cycloid (see Fig. 4976), i.e, the electron returns to the 
plate and that its maximum distance from the plate, i.e, 
XY in Fig. 4976 is given by : — 

Zr=[2r]=2^. 

The plate F will receive electrons if there is no magnetic 
field, but no electrons will reach it when this field is on. 
If P be placed at it will receive electrons whether the 
magnetic field is on or not. P is moved forward (right to 
left) until the limiting position is found (XX), at which 
the magnetic field afiects the rate at which P is charged. 
Thus XY is found, and knowing E and H the ratio ejm is 
found. The result obtained was 7*8 x 10® electromagnetic 
units per gramme. 

To determine e and m it is only necessary to repeat the 
Thomson and Wilson cloud experiment (Art. 820), using, 
to produce the nuclei, not X-rays but a negatively charged 
zinc plate on which ultra-violet light is falling. The 
ejected electrons fonn ions, as already mentioned, which 
constitute the nuclei. As in other cases e comes out to be 
the atom of electricity,’* viz. 1*55 x 10"^^ e.m. units. 

320b, Determination of e and m for the Electron. 
Millikan's Balanced Oil Drops. — The cloud experi- 
ments of Art. 320 have been modified by Millikan in order 
to avoid the assumption that the drops are of one size and 
do not change in any way by evaporation. He used oil 
drops instead of water drops, the drops passing in between 
the plates (say 0 and B of Fig. 497) through a hole in the 
upper one ; and by a suitable adjustment of the potential 
diterence between the plates, and arranging that the 
electric field op])oud the motion of the drops, a drop could 
be kept in view for some considerable time and its motion 
observed through a telescope provided with a graduated 
• scale in the 'eye-piece. 
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The calculations involved in his ear!;f experiments are 
those outlined in Art. 320. To fix ideas, imagine the .space 
to be ionised and a single oil drop of mass m and charge e 
(gathered by collision^ to be under ol.»servatiou. The 
downward force on the drop is m 0 and the upward force 
is Xe, where X is the intensity of tlie field. If X be 
adjusted so that the drop is stationary 
Xe = mg = |voVfl'> 

a being the radius and p the density of the drop. 

How let the field be cut off and the velocity of fall (v) 
of the drop be observed. By Stokes’ formula v = 2/)ja“;9/i 
(Art. 320) ; hence 

^ ^ a? 

^ X- 8 * Z' * 


^ 'HIl f 
8 ' X \ 


0 

2 ’ pgj 


^ISTTfiv ./im 

Millikan also varied the procedure outlined above and 
worked to a liiglier degree of accuracy^ tlian lias been in- 
dicated, correcting for buoyancy and using a modified form 
of Stokes’ formula. Theory indicates that in the case of a 
sphere moving with velocity ^ in a medium of viscosity ft 
the force acting is best given by the expression / = X/xm, 

where a is the radius and :K ■== 6ir being the 

pressure and a a constant (a =: 6-25/1 0**). Thus if v be 
the velocity of fall of the drop when an opposing field X is 
on, Y the velocity of fall when the held is off, and d the 
density of air— 

fira^(p — — Xe =: KiwQr 

^Tra^(p-—d)g = X/xFa, 

from which equations e is determined. The expre.ssion 
|7ra®(p — d)g is the term mgf corrected for buoyancy. 

For simplicity we have assumed a drop to have the 
single charge e, but they frequently carry more than one 
of these natural unit charges,” and the handing on ” of 
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these charges from molecule of gas to drop of oil and mce 
versa can be noted with the telescope. Thns imagine a 
drop quite stationary, the electric and graTitational forces 
balancing, and suppose that a collision results in the drop 
taking up another electron ; the electric force will then 
exceed the gravitational force and the drop will move 
upwards, Similarly, if the collision results in the drop 
losing an electron the electric force will be less and the 
drop will begin to fall. These effects are frequently 
observed. 

Millikan’s apparatus is shown in Fig. 497d, some of the 
smaller details being omitted. G and JD are two parallel 



Fig. mid. 


plates fixed 16 mm. apart. By means of the switch 8 
these plates can be charged to the P.I). of a 10,000 volt 
battery, or they can be short circuited and the field 
between them reduced to zero. The brass vessel B was 
completely surrounded by a constant temperature bath of 
gas engine oil. A is an atomizer through which the oil 
spray is blown into the vessel B. The very minute drop- 
lets of oil forming the spray fall slowly, and occasionally 
one of them finds its way through the pinhole, in^ the 
middle of the upper plate G. The droplet in /between 0 
and I), was strongly illuminated by light from' an .arc, the 
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rays passing tlirongli a water cell If and a eoprio ciiloride 
cell tlience tlirough the window G» The ceils If ami S 
are used for the purpose of absorbing the heat rays. The 
air about the droplet can be ionised if desired, or tdectrons 
discharged directly from the drop by means of X-rays as 
shown.' Through a .window (not shown) the droplet can 
be viewed by a telescope, if is a manometer to indicate the 
pressure. Millikan’s result is e = (4774 + • 005) X 
e.s. unit. ■ 

We will now return to the vacuum tube of Art. 815, and to 
the consideration of other phenomena connected therewith. 

321. lienard Bays. — In 1894 Lenard made the piece 
of apparatus shown in Fig. 4'98.. The kathode K was of 
aluminium, and the anode a brass tube A lining tlui tube 
behind it. The anode was earthed. The end of tlie tube 



was closed by an eaiiihed metal plate, out of which a centra! 
hole had been cut. This hole was closed by a thin bit of 
aluminium foil F, mm. thick. The tube was exhausted 
and a strong kathode stream obtained* The room was then 
darkened, when the air outsider was observed to be glow- 
ing and bodies placed just beyond F phosphoresced. The 
issuing rays were found to be deflectable, and by putting 
on another vacuum tube in the position indicated by the 
dotted lines Lenard showed, by methods similar to those 
described above for the rays inside the tube, that these rays 
T7ere identically the same as kathode rays. The rays l)efore 
reaching the foil are called kathode rays, but to these rays 
which have penetrated the foil the name Lenard itays is 
usually given. 
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322. Kontgen. or X Rays. — Soon after the exhaustion 
of a vacuum tube reaches the point at which the dark space 
surrounding the kathode exends to the anode a marked 
change takes place, and Eontgen found that a photographic 
plate lying near the apparatus was affected he attributed 

the result to some 
unknown form of 
radiation emanating 
from the tube, and 
to this he applied the 
term X rays. It is 
now considered that 
the X rays are aether 
pulses which originate at a solid substance when it is struck 
by kathode rays. An X ray tube is shown in Fig. 499 ; the 
kathode on the left is concave and a platinum plate (which 
may be the anode) is placed at the centre of curvature with 
its plane at an angle of 45° to the axis ; the X rays are 
given off as indicated. 

The main points about these rays may be briefly sum- 
marised as follows ; — 

(1) The rays are not deflected by a magnetic or electric 
field. This differentiates them from kathode rays ; they 
are probably not charged particles. 

(2) They can penetrate a layer of air several feet thick 
and can pass through many solid substances. The trans- 
parency of substances to X rays depends upon the density 
of the substances ; thus lead is practically opaque to the 
rays, but aluminium is transparent. Soda glass is trans- 
parent to them, but lead glass is opaque. Flesh is much 
more transparent to the rays than bones ; hence their use 
in surgery to examine the bones, to detect fractures and 
foreign bodies, etc. (See ‘- radiograph’' facing page 414.) 

(3) They excite fluorescence in many substances, e.g. 
barium platino-cyanide. If the rays fall on a scieen coated 
with this and the hand be interposed, a shadow of the 
bones appears on the screen, the fluorescence being less 
here than at other parts owing to the rays being more 
absorbed by the bones. 

(4) The rays are not refracted. Tery Ettle trace of 

Bi,. a:ni>e ■ 
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regular reflectioa lias beeu noted. Quite recently, and 
witli diffiouitj, signs of polarisation lia¥6 been detected. 
Siiax'p sliadows^ due to. tli. 0112 . indicate rectilinear propaga- 
tion, and investigations seem to indicate a velocitj 6<| ual to 
that of light. , . . 

(5) They ionise a gas through which they pass. 

(6) When they fail upon any material they givc^ rise to 
other rays of a somewhat similar character known as 
Secondary X-IEays. In the case of gases and other 
substances of low atomic weight the s(:‘condarj rays are 
of similar penetrating power to the primary rays and the 
action consists, most probably, of a scaitermg of tliese, 
although it is likely that some analogous radiation is 
excited in the obstacle, i.e* that the characierktic radiation 
of the obstacle is <also present. In the cane of nifjtals the 
secondary rays are less penetrating than the primary, 
most of them being homogeneous and characteristic of the 
radiator whilst Curie and Sagnac showe<i that in the case 
of heavy metals the secondary rays were really of the 
nature of kathode rays, ia. they had a negative eliarge. 
The homogeneous secondary X-rays are usually classilled 
into “ Series K and Series Ii the former being the 
“ harder and more penetrating. Barklak latest work on 
secondary X-rays shows that all elements eiiiit their 
characteristic radiation, the lighter ones giving the ** K ** 
series (which increases in penetrating power with the 
atomic weight) and the heavier ones emitting in addition 
the L ” series. An atom probably consists of a positive 
nucleus surrounded by electrons revolving in orbits round 
it and the K radiation (highest frequency) is due to pertur- 
bations of the innermost, most rapid, ring whilst the L 
radiation of lower frequency is from the next outer ring. 
Lately an Jf radiation has been noted from a ring outside 
the latter and there is talk of a J radiation of extra high 
frequency from regions close to the nucleus. Barkla 
recently confirms that an element bombarded by X-rajs 
may emit both corpuscular and X radiation. 

It has been stated tiiat X rays are aether pulses produced 
when the corpuscles of the kafchode^rays strilre an obstacle. 
Consider now a negative corpuscle moving forwax^d along 
AB (Fig. 500) with a small velocity v. The Faraday tubes 
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are distributed imiformlj all around it.' Suppose, .that 
wiieo the corpiisole reaches 0 a force acts upon it which 
quickly brings it to rest in a small time Si, the final posi- 
ti«ya of the particle being not sensibly different from 0. 
To find the position of the Faraday tubes a time i after 

the first application of the 
force measure along OB a 
distance 00* equal to vt, with 
0 as centre describe a sphere 
with radius F (i •— St), and 
with 0' as centre describe a 
sphere of radius Vt, where F 
is the velocity of light (see 
Art. 810). Then if no force 
had acted on the corpuscle 
the tubes would be all radi- 
ating from Oh As it is, how- 
ever, only the tubes outside 
the larger sphere are radiating from 0 ; the disturbance 
having passed over the tubes inside the inner sphere they 
radiate from 0, while the portions of the tubes within the 
spherical shell are in the transition state, the disturbance 
shifting them from the radiating centre 0* to that of 0. 
They, of course, must join up Sae interior tubes to the 
exterior tubes, so that a tube inclined at an angle 0 to 
the direction of motion appears as in Fig, 500, FQ being 
nearly straight if St is very small. PQ has a tangential 
component; thus within the shell there is a tangential 
electric force, and J. J. Thomson has calculated that the 
electric and magnetic forces brought into existence by this 
tangential shearing of the Faraday tubes are greater than 
the forces due to the radial tubes simply moving forward. 
The pulse due to this tangential shearing travels out- 
wards along the tube with a velocity F (F being equal 
to the velocity of light), and this, in J, J. Thomson’s 
opinion, constitutes the Bontgen rays produced when 
the negtitive carriers of the kathode stream strike a solid 
obstacle. 

*1116 ciKirgy in the pulse Is found thus (H. E. Campbell). The 
electrjo polarisation in FQ (Fig. 500c&) may be regarded as com- 


mg. 500. 
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noundod of one in tho direction PL and one iiloiig QL. The 
former is e/4irr’, and if the latter be I> we nave 


I inT^ 


LQ 
■ LP' 


J) 


Now the polarisation to be considered 

ill the propagation of the disturbance 
along the tube is the one perpendicular 
to the tube, i.e. along QM ; if this be 
J)\ then D' =* D sin 0. 

Again, V{t - m = B (say), 

t = rl P’”. Further LQ = 00 *=* tfi5 ; 

hence LQ = tr/ V, and LIj === d (say ), 

' ‘ LF 

ev sin 9 




I sin 0 


Now 


47rrd . V 


Eleotrostatio energy 
Magnetic energy 


g’rjD’r == ® . sinee K = 1 . 

L' F*^ 


Stt 

= since // ^ 


; 4t. 0'F and 


1 

'■p,» 


Total energy = unit volume. 


So far we have considered only^ one tube ; for the whole energy of 
the pulse we must sum this for all the tubes ; the integration git es 
for tho energy E— 

r, _ 2 e’u’ 

We may therefore look upon Eonigen rays as transverse 
pulses in the aether of very short wave length. The energy 
m the pulse depends upon the suddenness with which the 
stoppage occurs. If the stoppage is very sudden the shell 
is thin, the output of energy large, and the Eontgen rays 
produced are very penetrating, or in technical language 
“hard,” while if the stoppage is relatively slow the rays 
carry very little energy and are easily absorbed by matter. 
In this case they are termed “ soft.” 

Another theory, proposed by Professor Bragg, suggests 
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associated pair of electrically charged particles moving with 
great velocity, one particle being a corpuscle or negative 
electron, the other a positive electron. It is not easy to 
see how such a neutral pair can be ejected from an anti- 
kathode struck by a negative electron. 

Recently considerable progress has been made on the “ crjstal- 
IIblo reflection " of X rays, i.e, their reflection by crystals, and 
with associated problems — the nature of atomic structure, the 
arrangement of atoms in the molecule, etc. (see Chapter XXV.) ; 
but for details the student must consult the original papers. 

Barkla and Dunlop have just completed experiments on the 
scattering of X-rays. From these it appears that (1) the scat- 
tering of X-rays of very short wave length by equal masses of 
different substances increases only slightly with the atomic weight 
of the soatterer ; (2) when the radiation is of longer wave length 
the scattering increases very much with the atomic weight of the 
soatterer : these observations have an important bearing on atomic 
.structure (Chapter XXV.). 

323. Positive Kays or Canal Bays. — If the anode 
in a vacuum tube be placed facing the kathode and the 
latter is perforated, streamers may be observed behind the 
kathode if the pressure in the tube is within certain 
limits. These rays produce phosphorescence, penetrate 
thin aluminium foil, and consist of positively charged 
particles of mass about the same as an ordinary gas atom. 
The main results of investigations on these positive” or 
“ canal ” rays may be briefly summarised as follows ; — 

(a) Earlier Investigations. 

(1) Weia found ejm for these rays to be 10* e.ra. units per 
gramme (approximately), which is very nearly the same as that of 
a hydrogen ion in electrolysis ; the value of v was 3*6 X 10’ cm. per 
second, about 1/100 of that of the kathode rays. 

(2) Thomson, working at very low pressures, found that the rays 
consisted of two sets, for one of which ejm had the value 10*, and for 
the other ejm had one half of this value, viz. 5 x 10^ ; this latter is 
the same as for the a particles from radio-active bodies. 

(3) For the gases hydrogen, air, carbon dioxide, and neon the 
above two groups only were present, but for helium a third group 
was also present, for which ejm had one quarter the flrst value 
given above, viz, *25 X 10* = 2*5 X'lO^, 

(4) It was, tiierefore, suspected that these rays or carriers of posi- 
tive charges in gases were bodies identical with atoms or molecules. 
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kathode they travel betweea two DiooKs oj. kuiv imn^, 

11 non the nlate P whioh may be either coated with willemite or 
Xered bV a ^ and B constitute the pole- 

Ss of L e&o^magnet (from winch, however, they are 
msulated bv mica w), and they are also join^ to the poles of a 
battery ani charged to different potentials, fl’lnis the rays are 
under the oombined influence of a niagnetio field and an electric 
field and as the fields are parallel, the dejeatont they prodme 
^^'uZ’^uZglee to cocAW. - The tube t leads to a„r,ther 
containing eharooal immersed in liquid air, tlio object being to 
absorb, as much as possible, the gases m the chamber on the right. 

There are many other detai^ r,,.,..,. 


k 
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Note. — It is usual to 
reverse the field half way 
through the experiment, 
thus obtaining curves on 
the other side of 0^, Cer- 
tain curves quite clear on 
the negative do not come 
out well in the figure. 

[Reproduced by per- 
mission from Orowther’a 
MoUcular Physics 
A- Churchill).] 


He 502a depicts an actual experimeiit by_J. J. Thomson. Intbe 

B.bli’the second column gives the heights of the various parabo as 
neasured from the horizontal 03 along a common perpendicular 
Sas h’0''0' (Kg. 502). For convenience the value m/e (instead 
if 7/mV for each curve is estimated and referred to a maximum of 
^ . these values are given in the third column. The gas in the 
Se before exhaustion was air freed from oxygen ; m suoh a case 
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impact will be at O'. As similar particles will be moving with 
different velocities the actual result is a curve (Art. 317) such as 
AO’ B, i.e> the curve AGE is formed by particles^ aU of which have 
the same value of e/m but possess different velocities. In practice 
several suoh curves may be Obtained, ejm being the same for any 
one curve but different for different curves (Fig. 502). The curves 
are portions of parabolas, and values of c/wi and v may be 
obtained from them by simple measurement (see below). 
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traces of nitrogen, oxygen, argon, moreury vaprmr (mercury h iwed 
in the pumps), carbon (as impurities), etc., might be expeolod. 
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It is likely that {a) is a mercury atom (at. wt 20 ))) carrying a 
single positive charge, {h) a mercury atom earryiijg two dmr^H, 
(c) a mercury atom carrying three charges, (d) a inulHuuIe of carhon 
dioxide (m. wt. = 44) carrying a single charge, («) an argon at!*m 
(at. wt. = 40 ) carrying a single charge, (/) a nitrogen rnulecnle 
(ra. wt. = 28 ) with a single charge, (y) a neon atom (at. wt. ~ 20) 
with a single charge, {h) an oxygen atom (at. wt = 16 ) with a 
single charge, (i) a nitrogen atom {at. wt. = 14 ) with a single 
charge, (j) a carbon atom (at, wt = 12) with a single cliarge, and 
(/(;) a nitrogen atom carrying two charges. Another line— the 
hydrogen line— is deflected ofl* the record. 

As indicated below, the actual values of m/e and i; may be esti* 
mated from the curves. The least value found for m/i is 10 ”* 
(elm « 10*), which agrees with hydrogen. One partiule for which 
m/e is 3 X 10”* {elm = f X 10*) has been noted ; it m suggested ' 
that it may be a form of hydrogen (H3) or a new element of atomic 

weight 3 . ^ « . y. 

It is matter of simple proof that the magnetic deflection Om m 
given by Om = y = LlHejmv, and the electric deflection by 
Os = a; = LlXejmv^, where jO == distance of P from centre of flcM 
and I = length of path acted on by the field ; hence 

y _ _ y X , 

» “,X’ , ... 57 //■' 

X Xm ’ *’ m z ’ Llir^* 

Clearly these later experiments support the early investigations, 
and indicate that the positive rays are really atoms and mokcnles of 
the substances present in the discharge kihe, snch atoms and moUcuks 
having lost one or more electrom ; some carry the charge + e, others 
an integral multiple of + e {up to -f 8e in the case of mercury). 
'Further work on, positive rays may probably throw light on the 
nature of positive electricity. 
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324. General Ideas OB Gas Condxictiosi — (1) lonisa- ]! 

tioii.-“Tlie student will have noted that under ordinary 
conditions gases are very poor conductors of electricity. 

Thus, if very careful attention, be paid to insulation, a ■ 

charged electroscope 'will keep its charge for some con- ' 
siderable time. The leaves do, however, fall gradually, ? 

which indicates that there is a leak, although very small, ' 
through the gas. Eecent work shows that this leak can 
be enormously increased, and, in fact, the gas made a good 
conductor by exposing it to kathode rays, Lenard rays. 

X-rays, hot bodies, flames, ultra-violet light or radio- 
active substances. The conductivity persists for a time i 

after the agents which have produced the conductivity are 
removed, but it ceases in time. 

In Fig. 504, E is a charged electroscope, TB a tube : 

which termin- 
ates in a funnel, 
below which is 
an X-ray bulb. 

The bulb is in a 
lead box pro- 
vided with, an 
opening just be- 
low J5, the lead 
box being neces- 
sary to screen E 
from the direct 
action of the X- 
rajs, ; The tube 

on the left of E. communicates with a water-pump, so that 
air can be drawn through ET and E, When the bulb is on 
and the air drawn along ET is therefore exposed to the 
rays, the electroscope collapses, whether the charge on it 
is positive or negative, thus showing that the X-rays have 
made the gas a conductor. 

If a plug of cotton wool be placed in the tube ET the 
leak in E is not altered when the bnlb is put on, {.e. the 
conductivity seems to , be “ filtered out.” The same happens 
if the conducting air is .bubbled through water. , If TB m 
a metallic iube with a wire stretched along its axis, and 
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the tulbe and wire: be maintamed at a high potential 
difference, the same thing happens, ie. the air loses its 
conductivity. 

These experiments indicate that the agents mentioned 
above produce in the gas “ charged particles ” which, 
when they enter the electroscope, neutralise the charge on 
the gold leal Since the gas, as a whole, is neutral, the 
charged particles must be of two kinds, positive ^and 
negative, the amount of charge carried by the positive 
particles being equal numerically to the amount of charge 
carried by the negative particles. These electrified 
particles are called ions, and the process of producing 
them in a gas is called the iomsation. of the gas. In an 
electric field the positive ions move in the direction of the 
field, and the negative ions move in the opposite direction : 
their movement constitutes a current throogh the gas, for 
when they reach the electrodes their charges are given up. 
The number of ions in existence in an ionise<i sf jtice does 
not increase indefinitely with time, as positive and negative 
ions are constantly re-combining. We have seen that a 
gas does conduct a little even when not purposely exposed 
to any of the ionising agents mentioned above ; this is 
spoken of as spontaneotis ionisation, and is due to 
some form of radiation always present. 

The act of ionisation in gases really consists in the 
detachment of an electron from a neutral atom of the gas. 
The residue of the atom is, of course, positively charged, 
and it consists practically of the whole mass of the 
original atom : it constitutes the ** positive ion.” The 
detached electron soon attaches itself in a gas to a neutral 
atom, and it constitutes the negative ion ” : it is thus 
that the mobilities and diffusion coefficients of negative 
ions are somewhat of the same order of magnitude as 
those of .the positive ions. In ffict, both Iffie electron and 
the positive residue attach themselves in a gas at ordinary 
pressure to neutral atoms and molecules of the gas, but as 
the pressure is reduced the negative ion throws off its 
attendants ; hence it is that in the vacuum tube the 
electron travels "'free.” The ** charge” on the negative 
ion is, of course, the electronic charge ; the charge ” on 



THE PASSAG-B OF ELECTRICITY THROUGH A GAS. 42B 


tlie positive ion — the atom which has had one electron 
knocked out of it — is numerically equal to this. In most 
cases of ionisation only one electron is ejected from an 
atom, but Thomson’s positive ray experiments seem to 
indicate that the slow moving positive rays may detach 
several electrons from certain atoms (e.gr. the ionisation of 
a mercury atom in this way may consist in the ejection of 
eight electrons from the atom). 

A gas may be put into the conducting state either by 
the extraction of electrons from its own atoms, as in- 
dicated above, or from the atoms of the containing vessel, 
etc. The following summarises the chief methods : — 

(a) By passing X-rays, Lenard rays, Canal rays, or 
rays from radio-active substances (a, j8, and y rays) 
through them. 

(b) By ultra-violet light (Art. 820a). 

(c) By raising the temperature. G-ases near flames and 
hot metals are found to conduct. Platinum heated in a 
vacuum was found to give ofl* both positive and negative 
particles, the latter being electrons and the former the 
residue of the atom of the metal : if in a gas they con- 
dense molecules of the gas round them to form “ ions ” 
(Art. md). 

(d) By the electric discharge : after the first spark the 
discharge takes place more readily, due to ionisation. 

Millikan has done much work on the mechanism of 
ionisation in gases, and his conclusions seem to be : — 

(1) Ionisation by j3 rays (electrons from radio-active 
bodies) consists in the shaking ofE, without any appreci- 
able energy, of one electron from an occasional molecule, 
through which the /3 ray passes. The faster the j8 ra^y the 
less frequently does it ionise. 

(2) Ionisation by X-rays and light consists in the 
throwing out of one electron from am occasional molecule 
over which the wave passes. The energy of ejection 
depends on the frequency of the incident wave, and may 
be great, 

(3) Ionisation by a rays (atoms of helium from radio- 
active bodies) consists in the shaking ofl of one electron 
from the molecule throt^h which the « ray passes." 
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(4) A slow moving positive raj may be able to detaoli 
several electrons from an atom.^ It is quite; conceivable 
that a comparatively massive positive raj moving slowly — 
but not too slowly — may cause more trouble to an atom 
tbrougb ' wMcli it passes than either an a particle or an 
electron, just as a brick thrown at a window will do more 
damage to the glass than a small but very rapid moving 
bullet from a rifle. 

325. Metkods of Measurement.— The current thr<jugii a ga.s, 
unless strongly ionised by radium salts, is too weak to be mea'.ined 
by a galvanometer. A quadrant electrometer or gold-leaf e eetro- 
s^pe must be used instead. If C is the capacity of the eleclny 
meter or electroscope and V the rise of potential per second. C I is 
the current flowing into it. 

The form of quadrant electrometer usually employed is that 
known as the Dolezalek instrument (fig. 237). ^ 

The electroscope usually employed was invented by G. 1. ii. 
Wilson. It consists of a small, nearly cubical brass box provided 

with holes at 0 and J) 
(Fig. 504). Through 6' there 
projects an insulated rod 
carrying a brass plate P 
which nearly fills up the 
end of the electroscope, 
while through IJ projects a 
well-insulated rnetal rod 
carrying a very narrow gold- 
leaf L* The leaf is about a 
millimetre, wide aiM should 
be just long enough not to 
reach across to ,P. W is a 
window through which its 
motion is observed. The 
insulation at 0 may be 
ebonite, that at D must be sulphur or quartz. When in use P 
is kept charged to (say) 160 volts, and the iiistrumeut is placed in 
an oblique position (30®., about) to increase the sensitivene.ss. The 
case A is earthed, and L is joined to the insulated system into 
which the current is flowing. As the voltage of this system rises 
L is attracted towards P, and its movement is measured by a 
microscope directed to look through the window. The capacity 
is about 1 electrostatic unit, and in a sensitive position the leaf 
will move about 1 mm. for one tenth of a volG and a small fraction 
of this can be easily read with a good microscope furnished with 
an eye-piece scale. 


Levelling 
Sc^w 


'^7p^/277/Ap77/?y'^^y7777/7P^ . 

Pig. 504. 
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326» General Ideas on Gas Conduction — (2) Satura- 
tion Current. — Let 
OandD (Fig. 505) 
represent two insu- 
lated parallel discs 
placed inside an 
earthed metal vessel 
M, G is attached to 
a battery B of many 
cells. By means of 
an earthed wire mak- 
ing contact with the 
plates of the cells the voltage on C can be varied within 
wide limits. D is well insulated and attached to one pair 
of quadrants of an electrometer or electroscope T, the other 
pair of quadrants being earthed. is a key by which D 
may readily be earthed. G is an earthed tube-guard to 
protect the wire from D to T from external induction effects. 
The air in JT being ionised by some ionising agent, 0 is 
charged successively to different voltages and the current 
flowing from 0 to D observed. If the plate C is con- 
nected to the negative 
pole of the battery it 
repels the negative 
ions to D, which thus 
receives a negative 
charge. If C is posi- 
tive D receives a 
positive charge. The 
results being plotted, a 
curve like Pig. 506 is 
obtained. 

At first the current 
increases almost ac- 
cording to Ohm’s law, 
Le, as the P.D, between the plates increases the current, in- 
creases: this is shown by the rising part of the curve in 
Fig. 506. When the F.D. reaches a value represented by 
Oa a certain current is flowing. When the P.D. increases 
beyond Oa however the current remains constant and it 
continues to be constant for a big increase in P.D., 



Fig. 506. 





Fig. 505. 
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until in fact a P.D. represented by 06 is applied : this 
constaEt current is shown bj the Iiorizontal part of .the 

curre When the P.D. increases beyond the value Ob the 
current again increases: this is shown by the rising part 
of the curve on the right. The practically constant cur- 
rent represented by the horizontal part of the ciuve is 
called the Saturation current. 

When the P.D. is low only a few ions are able to reach 
the plates before recombining with opposite ions and the 
current is small. As the P.D. increases more and more 
ions reach the plates before recombination and the cuiient 
increases. Between the P.D.’s Oa and Oh all the available 
ions are driven to the plates and the current is steady. 
Beyond Oh the strong P.D. causes the ions to have such a 
velocity that ^r«i the negative ions and then the positive 
ions produce fresh ions by colliding with molecules and 
detaching electrons ; thus the current again increases. 

If the ionisation is merely spontaneous ionisation, a 
P.D. of about 10 volts per cm. produces the ionisation 
current, but with a^nts such as X-rays, radio-active 
bodies, etc., the ionisation is so great that a much greater 
voltage is necessary for saturation. The same happens if 
the distance between the plates is increased for more ions 
are produced in the greater space. Thus for the same P.D. 
between the plates the current increases as the plates are 
drawn further apart* The student should note this dif- 
ference between the laws of conduction through g^ses and 
that of conduction through metals, viz. Ohm’s law. 

If the ionising agent is removed the current drops down 
to the normal air current in a few seconds. This is due to 
recombination occurring between the positive and negative 
ions. 

If Q ions of each kind be produced per unit volume per 
second by the ionising agent, the total number produced 
per second in the space between tbe plates will bo QAl, 
where A is the area of the plates and I the distance apart. 
If all these ions are driven to the plates before any recom- 
binations take place we evidently have the saturation 
current J; hence, if e be the charge on an ion, 

I - QAle ............ .. 


( 1 ) 



Tlie saturation current is, therefore, proportional to I, the 
distance between the plates as indicated above. 

When a positive ion and a negative one collide they 
may combine to form a neutral. If at any instant there 
are n ions of each kind per unit volume the number of 
collisions per second will be proportional to and if a 
certain fraction A of these collisions results in the forma- 
tion of a neutral, the number of ions of each kind dis- 
appearing per second per unit volume will be The 

resultant total rate of increase of ions of each kind will be 
the difference between the number produced per second 
and the number disappearing per second, ie. 

w 

and if the ionisation be constant dnjdt will be zero, and 

Q == Aw-' (3) 

Again, when a P.D. E exists between the plates the 
current is given by the product of the number of ions 
crossing a section normal to the motion per second, the 
charge on an ion (e), and the potential gradient (Efl) j 
that is 

i = Ane -f vJ) (4) 

L 

where and v_ are the mobilities of the positive and 
negative ions respectively, ie. their velocities under unit 
potential gradient ; hence 

i _ n + v^) B 


or, since Q = A^^» 


W 

(v+ + O 




Hence in the early stages the current i is proportional to 
JJ (as experiment shows), for all the other terms on the 
right hand side are constant. 

General Ideas on Gas Conduction — (3) Facts 
about the lons.—Experiments have shown that the 
negative ion consists of a negative corpuscle either alone 
or loaded up by attracted gas molecules, while the positive 
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ioa consists of an atom of gas whicli has lost a corpuscle 
also either alone or loaded up by attendant molecules. 
The masses of positive and negative ions are thus com- 
parable with the molecules and atoms of the gas, but while 
the mass of the positive ion is approximately the same at 
all pressures, that of the negative ion decreases greatly as 
the pressure is decreased, showing that at low pressures 
the negative corpuscle throws off its attendant moloouies. 

Condensation experiments (Art. 320) have shown that if 
the expansion is sufficient to bring down all the positive 
and negative ions, the number of positive ions is equal to 
the number of negative ions. Prom this it follows that 
since the gas was electrically neutral to begin with, the 
charges carried by positive and negative ions are numeri- 
cally equal. The charge carried by an ion is independent 
of the nature of the gas, and the gas ion thus differs very 
much from the ion of electrolysis (see also Art. 323). 
Townsend has shown that even with the strong ionisations 
produced by radium only , one molecule of gas out of a 
hundred millions is ionised per second. In weak electnc 
fields only the negative ion produces ions by collision, in 
strong fields the positive ion is also able to produce ions 
by collision; this explains the rise of the current curve for 

large voltages (Pig. 506). . xr. t n ■ 

With regard to the negoAvoe ions va. dry air the following 
points may be noted : — If Y be the electric force in volts 
per centimetre, and P the pressure in millimetre8_ of 
mercury, then: — (1) If P/P be less than '01 the ion is a 
negative corpuscle loaded up by a group of molecules. 
(2) As P/P increases from -01 to '2 the mass of the ion 
diminishes. (3) If P/P exceeds -2 the ion throws off the 
molecules and is a free negative corpuscle or electron. In 
the case of the positive ion the only change is perhap.s from 
a smaM group of molecules to a single molecule or atom. 

328. Determination of the Velocities of Gaseous 
Ions.— Rutherford made use of the relation ‘(4) of Art. 
326, to find (o+ +V-). The current i was obtained from 
the rate of deflection of the electrometer needle ; the 
ionising rays were cut off, a very high P.D. thou suddenly 
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applied, tlms driving all the ions to the plates, and the 
charge was, therefore, known from the electrometer 
deflection. E'ow, 

(«+ + v_) - - (neAr) B^ 

thus (v-^ + vS) is known. Zeleny found v-/v+ by noting 
the electric force required to push an ion against a gas 
moving with a certain velocity in the opposite direction. 
From the two results and are determined. 

Another method is as follows. Imagine two parallel 
plates F and Q maintained at a fixed potential difference, 
and let ions be produced near P ; ions of one sign will give 
up their charge to P, and the others will move towards Q. 
Just as they are about to reach Q imagine the field to be 
reversed ; the ions will be driven back towards P and a 
fresh set of opposite sign will move towards Q. Just as 
they are about to reach Q imagine the field again reversed, 
and so on. By a careful arrangement of an experiment of 
this kind and a noting of the time between reversals, for 
which Q is just on the point of taking a charge, we obtain 
the time required for the ions to travel the distance between 
the plates, and, therefore, the velocity of the ions. Many 
other methods have been used. 

Experiment shows that the plate Q takes a negative 
charge sooner than a positive one ; the velocity of the 
negative ion is, therefore, the greater ; the following 
numbers may be noted : — 

U4. 

Air 1*36 1*87 

Oxygen 1*36 1*80 

Hydrogen 6*70 7*95 

Helium 1*42 2*03 

(These values are for ions produced by Rontgen rays, 
velocities are in cm. per sec., the potential gradient being one volt 
per cm ) 

Recent experiments have brought out the following points in 
connection with the mobilities of ions in gases 

{a) The mobility of a positive ion depends not on the nature of 
the ms out of which it is formed, but on the gas through which it is 
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{h) The rao^bility is'ihdepeadeat of the teniperature .if the deiisftiy 
of the gas is constant. 

(c) The mobility is approximately inversely as the stiiuirt^ root of 
the density, 

(c^) The,re is a considerable increase in the mobility <if a negative 
ioTi when the pressure is redueed below a certain value ; at v* rtjlow 
pressures the positive ion also shows an increase in nujihiiiy. 

Two theories have been put forward ; (i ) that the foi'ct's belweeii 
ions and molecules vary inversely as the hfth power of tim distance 
between them, (2) that the action between ions and !noie(niics is 
Biiailar to impacts between hard elastic spheres. 

Thomson has shown that {a) follows from the first theory if an 
ion is a cluster having a mass much greater than that of a molecule 
of the gas through wliich it is passing; tiiat {b) f{>ih>WH from the 
first theory; that (c) follows from the secfiiid theory if the ions iii 
the various gases have the same slxe, and it follows from the hrst 
theory if all the molecules in the gases exert the same force on a 
point charge at the same distance; and that [d] foihnvs <m either 
tlicory if the ions dissociate at low pressures so tliat free corpuscles 
are brought into existence. 

Erikson’s latest results seem to indicate that the imibility at 
constant gas density does vary with the temperature, the positive 
ion having a maximum mobility at about {.T C., the n<*gaiive ion 
showing a maximum also, but being more uncertain in its behaviour. 
No definite conclusions have yet been drawn from this. 

328a. Ionisation by Collision— (1) The Hegative Ion.— 
Reference has been made to the fact that the rise of the curve (Fig. 
50(>) when the voltage becomes high is due to the faot that under 
the inhuenoe of the intense field the negative ions and then the 
positive ions acquire such a velocity that tlicy are able tv) detach 
electrons from the molecules of the gas by colliding with them, and 
in this way the number of ions (and therefore tlie current through 
the gas) is increased. We will consider first the ease of the ncLtative 
ion, assuming that the initial ionisation is produced by ultra-violet 
light falling upon a zinc plate. 

Let Uq be the number of electrons emitted in 'uv sf^ennd tiy tlie 
negative plate (Fig. 506a) these negative ions muviug innuudrately 
across the field with the appropriate velocity. Let a he the, averagb 
number of, new ions formcxl by one of these negative ions in moving 
thnmgh one centimetre towards the positive plate />. I mairine tlsat , 
when ionisation by collision has set in, thei-e are n negative ions in 
the space j)etween A and dx. In going through ilx these -will 
produce mdx new ions. Calling this dn we have : — 

, ■ dn ^ andx or dnjn'^ adx 

integrating this' 

log n == ftic 4- K" 
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where iC is a constant. But n = ? 
stituting : —log »o = iT 

log n = ax 4- log % 

■ log -2l = ax 


Thus the number of ions reaching the plate B 
will be given by : — 

at 


71q when a; = 0 ; hence on snb- 


Fig, 506a. 


where t is the distance between the plates. . * 

The formula above fits in well with experiments. With air at 
4 mm. pressure and a field of 700 volts per em. a = 8*16. 

32Sb. Ionisation by Collision — (2) The Positive Ion. — 
The thepiy of the preceding section may now be extended to include 
the positive ion. Let be as before the number of electrons 
emitted at the zinc plate A per second (Fig. 5066), and 7i the 
number reaching B. Let and <^2 numbers produced by 

collision in the two spaces as shown. Clearly 

w = ?io + <>i + e2 (1) 

Again no + Qi electrons (negative ions) pass dx towards the 
right in one second and positive ions pass the other way. Let 
a have the same meaning as before and let ^ be the number of 
electrons ejected (by collision) by a positive ion in travelling one 
centimetre in the direction of the field. Hence : — 
dQi = {uq + Qi) adx + Qz^dx 

for both sides denote the number of electrons formed in dx. 

t If I + Qi) “ + Qz/S 


since Qo = ^ 


s n^a 4- Qi(7> 4” ^ 2 ^ 

= nga 4- <2ia 4- P(» - no - 
[0 - Qi from (1) 

= (Wo + Qi) {^ - ^3) 4- n/3 


Fig. 5066. d 

the Boiution to which is 

. no + Qi 


- (no 4- Qi) = (« “ §) {no 4- Qi) 4- n^ 


m 
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where Z is constant. When a; = 0, = 0, hence 

m„ = ^- i.e. ^ = n„ + - 

a - a 

When X ^ t, riQ + Qi ="». , Hence substituting in (2) 


(a - ^]t 


If jS = 0, this reduces to :™ 


as obtained in the preceding section. Positive ions do not ionis 
the extent that negative ions do owing to their snialler veloci 
the positive a particle, however, ejected from radio-active bu^ 
travels with a velocity of 2 x 10® ctns. per Hccond and lias grr^; 
ionising power even than an electron. 

The formula developed above fits in well with experiment, 
air at 4 mm. pressure, electric force 700 volts per cm. a -**- I 
and j8 = -0067, 


328c. Decay of Ionisation wlien tke Ionising* Agent is 
Cut oft. — It has been indicated that tlie ionisa-tioEi of a gas exists 
for a time after the ionising agent is cut off but that it fmally 
disappears. The law governing the rate of decay may be deter- 
mined as follows : — 


By (2) of Art. 326 


* = 0 

(it ^ 


where Q denotes the number of ions of each kind produrM per unit 
volume per second, n the number in existence per unit vuhune at 
any instant and A the number disappearing per Bccund from 
unit volume. 

If the ionising agent be cut off, Q ^0 and 



i = - A dL 


^ i -p /{■, 


Integrating : — 
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Now %¥lien t = 0, ie. at the instant the agent, is cut off let the 
ions per unit voiiima = %. Putting t^O above 

A' = -i 

% 


A + 1 


TO 

ELECTROMETER 

A 


BATTERY 


AIR 


STREAM 


LEAD 

BOX 


RAY 


BULB 


Fig. 506c. 

Thus in time « = 1/A71 o the value of n will be nJ2^ i.e. the 
ionisation will have fallen to half value. Rutherford verified the 
above experimentally. The ionising agent was cut oflf and, after a 
known time, the ions were driven to the plates by a strong field 
and the charge (cc7i) noted. This was repeated for various time 
intervals. 

The constant A is called the recomMnation coefficient and 
one method of determining it is as follows :-'A wide metallic tub© 
B (Fig. 506c) fitted with a gauze screen D is capable of sliding in 
the tube A, these tubes being kept strongly charged by means of a 
battery. A stream of gas is caused to pass through the tubes, the 
gas being ionised at A. These ions pass through I) and are, under 
the action of the field, collected by C so that the electrometer is 
deflected. The charge received per second is noted (1) when the 
distance alJ is and (2) when the distanee aD is 

Now let V be the velocity of the current of gas along the tubes, 
S the sectional area of the tubes, w, the ions per c.cm, at D when 
zD is lij the ions wlien aD is A, and e the ionic charge. If Qi be 
the charge per second received by 0 when the distance is li and 
when it is ^2 • — 

Qi = SniBv and ~ S^i-^ev 

and the time i taken by tbe ions to move through the length (4 - h) 
is given by t — Further Wj = QJSev and . % « QJSev, 


484 THl' PASSAGE OF -ELECTBICITY THROITGIi A OA.S. 

Again from (1) above i - -J- so tiiafc if t be tise time to 

fall from to ; — 



^ V fSfi.v ___ 

„ ’ . Qi Q -i (21 

l,-li QiQ. 

Rutberford obtains A for air = 1'5S x i0“«, fox liydrogeii 
1*42 X lO”®, and similar values for other gases (the iny-rure ia 
atmospheric). If we take a in round figures to i,^e 10"*^ ue see 
from(l) above that if there %ver 0 10® ions per e.cnL half of them 
would re-combine in one second, 

328d. Ions from Hot Bodies.— It lm.3 beon known 
for nearly 200 years that gases in the neighhourh.oful of 
hot bodies become conductors. Ricljartbon ami otiiers 
have shown that if a platinum plate l)e boated in a vacuum 
then at a dull red heat it gives oil streams of positi^ve 
electricity, but that as the temperature continues to rise 
this stream becomes less, vanishes and changes sign (any 
positive at high temperature is masked by the con.siderabij 
larger negative) : these negative particles are electrons. 

"Wehnelt found that this emission by hot metals wo, is 
increased by coa, ting the surface with caieiuiii o.xidfc la 
the Wehnelt-Brauii ^uhe the kathode is a piece of 
platinum coated with calcium oxide, and it is licmted by 
the current from a battery. The electrons p;iss tbromgh a 
hole in the anode and are then subjected tt> the influence 
of an electric and a magnetic field. By the method out- 
lined in previous pages the value e/m is found. The 
result is rather low but near enough to bIjow that they are 
electrons. 

If the hot body be in air the electrons condense mole- 
ciiles of the gas round them to form ions. 

Carbon is very efficient in the phenomena we a.re con- 
sidering. The negative carbon of an an^ lamp f units 
streams of electrons,- which- 'failing on the p()sitive carlion 
keep it very hot. If a metal plate be phiced between the 
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two limbs of a carbon filament lamp and the plate be 
joined' to a galvanometer, the latter will be defected when' 
the other terminal of it is joined to the positive terminal 
of the lamp, but not when it is joined to the negative 
terminal of the lamp. This is used in Fleming^ Oscilla- 
tion Valve employed as a detector of electi-ornagnetic 
.waves on the same principle as the carborundum crystal 
(Cliapter 22). 

Owing to the emission of electrons by an incandescent 
wire carrying a current the effective a,rea of ...the wire is 
increased, i.e. a part of the current will pass outside the 
wire. The emission of electrons by the sun has been 
suggested as an explanation of well knowm magnetic and' 
electrical phenomena, e.g. the Northern Lights, etc. 

328e. C. T, R. Wilson’s Ionisation Photographs. — 
Eeceiitlj M’r. 0. T. E. Wilson lias produced some remark- 
able photographs on the tracks of a particles, etc., which 
not only throw light on many of the facts mentioned in 
connection with ionisation but also on atomic structure. 
The particles ionise some of the molecules through wliich 
they pass, these ions immediately condense water vapour 
around themselves forming droplets, and these are finally 
illuminated for the short time necessary for a photograph 
to be taken by virtue of tlie light which they reflect. 

Pig. 506d shows the effect when X-rays pass through 
air. The X-rays hurl electrons from certain atoms with 
great energy and it is tlie paths of these electrons ionising 
as they go which are shown by the little wavy lines in the 
figure. It has been stated that ionisation by X-rays con- 
sists in the hurling of one electron from the atom and 
this seems to be upheld by the photograph, for if two or 
three electrons were hurled out, each bright clot would be 
the starting point of two or three wavy lines and this 
is not shown. Further, the fact that electrons do not eject 
other electrons from atoms with very great energy is also 
indicated in. the figure, for if the energy of these secondary 
ejected electrons were great, each dot alo,ng the path of an 
ioiiisiiig eiectro'n would be the starting point of another 
wavy line and so on. This, coincides with Braggs’ con-. 
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elusion, viz. that the bulk of the ionisation is <iue to the 
high speed electrons burled out bj the X-nijs, an<I not so 
much to the electrons shaken loose by these higli vspeed 
ones as they continue to ionise. The. curl towiinls tiitj end 
of the track shows that the electron as it slows th)wn is 
less able to resist any deflection from its stniigiit course 
due to the constituents of the atom through which it is 
passing. 

Fig. 506e shows the tracks of a particles (i.e. atoms of 
helium from radium). Ana particle shoots strajadd: through 
about 7 centimetres of air going therefoi'e right through 
(not pushing to one side) nearly 500,000 atoms wit.hout ap- 
proaching near enough to the central nucleus of an atom to 
suffer deiection at the speed. with which it is travidiing. 
It ionises a good deal, hence the path in the phoftigra.ph is 
continuous. Towards the end there is a distim*t dcfl<^f*tion 
showing that as the particle slows down the nufdei of the 
atoms begin to deflect it from its straigiit line i-rack. This 
is just what we would expect, for an atom is a kind of 
solar system with a small positive nueimis and certain 
electrons revolving in orbits, but, nevertheless, mainly we 
might say, empty space, and it is quite possible for aiii>ther 
atom to shoot straight through this atom without to 
speak hitting anything or being deflected from its c(iurse 
if only it is endowed with sufficient speed. C5oiuetimc.s, 
however, it approaches an obstacle and as the speod fails 
the time they are in each other’s vicinity is greater and 
deflection ensues. 

Fig. 506/ shows the track through air of a p particle 
(electron) from a radio-active body. TJie track is dotted 
showing that ions are produced spread out along the track. 
The track shows a bind of continuous curvature duo to a 
number of smaller deflections. Measurements iia.Hcate 
that this electron went tlu'ough about 10,000 atoms hidbre 
it came sufficiently near an electron in an atom to ejeru. it 
and form an ion — another indication of the ** emfjty s|jace ” 
character of an atom. 

The mechanism of iomsation by y rajs is similar to that 
of X-rays.; electrons are hurled ■from the atoms, and these 
produce other ions as they travel along. 





THE PASSAGE OB"’ ELEOTKiCiTI THROUGH ■ A GAS. 4S7 


Note , — In the following worked examples only approximate data 
are employed. 

Examples. 

1. If e 1 7n for tlie kathode 'rays be 6 X e.s, units per gramme^ 
and V be l/li) that of lights find the electrostatic field which will defied 
a stream 10 cm, long through a distance of 1 mm. 

In Fig. 494 AB ^ 10, BQ = 1/10.- 

Now AB'^ = BC{2R-^BG), 

AB^ -f BG^ _ iOOOl 


E 

From Art. 317 


2BG 


500 nearly. 


20 

m _ (3 X 10^)* 1 

R ■ s 500 ■ 6 X lO*’" 

/. X = *03 e.s . unit, 


X = 


1 molecule of hydrogen at N.T.P. 
1 atom of hydrogen ^ 


and, since X dVjdx (neglecting sign), and one electrostatic unit 
o! potential = 300 volts, a potential gradient of 9 volts per cm. 
will be necessary. 

2. The number of molecules per cubic centimetre of a gas at NT.P. 
is 3 X 10^®. Pmd (1) the mass of a hydy'ogen atom, (2) the mass of a 
corpuscle^ (3) the charge on a corpuscle {i.e. the electi'on). 

1 o.cm. of hydrogen at N.T.P. = 9 x 10 grm., 

^ ^ 10-“grm., 

I.e* 1 atom oi nyarogen = — — *= I’S x 10 *4 grm. 

Jh 

Taking the mass of a corpuscle = 1/1900 of that of a hydrogen 
atom, 

1 corpuBcle = = 8 x 10 =« grm. 

Again, from electrolysis, 1 grm. of hydrogen carries a charge of 
9650 X 3 x 10^® e.s. units. 

1 atom of hydrogen carries 9650 X 3 X 10^^^ x 1*5 x 10~^^ e.s. 
units, or 4*3 x 10“^® e.s. units. 

But this is the electronic charge ; hence 

Electronic charge = 4*3 x 10“^^ e.s. units. 

3. The coefficient of viscosity of air is *00015, Find the radius and 
mass of a water drop in Wilson^ s expejdment which falls at the rate 
of *02 cm, per sec., and the electric field which will keep the drop 
steady if the charge on it is the electronic charge^ say 3 X 10*”^° e.s, 
unit. 
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Hor« (ill Stoken’ foriniiSa, Art. 3'2()j w = 'H'i, !> -- I, ,7 = 981, 

ja = i)OOI5. On snbstitufcijjg, 

Sadims — *000X17, 

Mass = Voliune x lfensity - 6*7 x 

IC X bo the field required to keep the drop 

Upward, force Downward force 
^.A' mg 
{3 K = (6*7 

A jr.==^ ttaits. 


Exareisas XXIX« 

Sectioa C, 

(1) DeHoribe the general character of the di^dsarge io a partiaHy 

exhau55te(l tube. ilk Sc.) 

(2) An elcf'trified |)article traverHes an eleotrie lie!<!, the iufeadty 
of the field being normal to the original direcMon of niMtion of the 
particle. Find mi expression for the detleetiMu of the pat tcho. 

What other experiments must be made in onler to ilefeiMiiriu the 
ratio o! the mass of the particle to' its electric cbiirge ? ( B.So.) 

(3) How may the electrical ooiiduotivity of an ioiti'ifjd gn be 
etermined? What is meant by the satoraiion unmmlJ t IhSu.l 

(4) Two metallic plates, separated by a liver of air, are coaie^fitod 
the opposite poles of a battery,' in which the iintnbMr fd ceils 

may be increased imiefinitoly. ■ Trace the change in the reUlion be- 
tween potential difference 'and: the current, expiaifilfH; lauHtf. ciiangcs 
in terms of the ionisation, theory.; :■■■" . ■- 

measure 'exuerimentally the eunicifs In -mm n 

■iB.Ha lions. 'I 


CHAPTER XXIV. 


RADIO- ACTIYITT. 

329. Radio-active Elements. Three Types of 
Radiation-—In 1896 Becqnerel discovered that uranium 
and its compounds gave out rajs which ailected a photo- 
grapliic plate and ionised a gas just like kathode and X 
rajs do, and in 1898 the same thing was discovered for 
thorium; substances which act in this way are said to 
be radio-active. Just after these discoveries M. and Mine 
Curie made a systematic study of the radio-activity of many 
minerals, and having discovered that radio-activity is an 
atomic property^ being in no wise dependent on the chemical 
combination entered in by the element, found that some of 
these minerals, pitchblende and chalcolite in particular, 
were more active than the amounts of uranium and thorium 
they contained would justify. They concluded from this 
that these minerals miist contain another active element^ and 
from a ton of uranium residues from pitchblende they suc- 
ceeded in isolating *3 gramme of a very active element to 
which the name radium was given. Incidentally a less 
active element which tliey called polonium was also dis- 
covered. Mme Curie deteinnined the atomic weight of 
radium and found it to be 226, which places it in the 
periodic table in the same column as the metals of the 
alkaline earths and in the same row as uranium and 
thorium, whilst Demarcay examined its spectrum and found 
it gave new lines, thus confirming that it was a new element. 
A third strongly radio-active body was identified in pitch- 
blende by M. Debierne, who named it actinium. Radium, 
polonium, and actinium have as yet been obtained only in 
very small quantities. ' , 


4S9 


440 


EAinO-ACTIiriTt. 



Three .methods haYe been empbyeil in measiiretiients 
connected with the radio-activitv of iiodies 
. (a) The action of the rays on a photogniphic plab^. 

(h) The fiuorescence produced by the rays on a screen 
of zinc sulphide, barium platino-cyaiiide, wiileaiite, etc. 

(c) The ionising action^ of the rays on the surrouinling 


gas. 

Exps. {1} In 1899 Rutherford examined the radial ion from uranium 
by an eleotrieai method, the apparatus being Kimitu* to that Hhowii 
in Fig. 50o. , The uranium compound wm placed irj a nii-oMH in the 
plate G. The space. was eleetricaOy Kaiuraied and tie* i«-aiura- 
tioo current obtained first with the uranium rui^'ovcn'd aisd thmi 
with the uranium covered with diflerent thickness iii t.inn foil. 
From the*^ variation of current with the number m layers uf hai he 
deduced that .tlie radiation from ■ uranium nnpl conidHf of three 
kinds : (i) a part easily absorbed by tliin foil, (ii) a part more 
difficultly absorbed by thin foil, (iii) a part hardly aii' oriini at all by 
thin foil. To distinguish these rays from ea*di uihm' hv. eallul th«*m 
a, Pf and 7 rays respectively. From his results he cahmiated that 
the a rays are reduced to half their initial value by pa-'-sin-o through 
•0005 cm. of aluminium foil, the p rays to half vj^iue by * 0 .”) mn. ni 
aluminium foil, and the 7 rays to half value by at least 8 cm. of foil, 
so that the relative powers of penetruJum 0 / the a, p, and 7 rays are 
as 1 ; 100 : 10000. He also showed that f«.>r a tiun layer nf un- 
screened radio-active matter the reiaiim ionudnfj’powers are m 
10000 : 100 : 1 . 

(2) Rutherford showed that tke a rays are positively charged 

particles by deflecting them by a magnetic held. ’I'be rays from 
radium passed upwards i>etween a series cd verti<^al para I ltd plates 
each provided at the top with a projecting ridge at one side, tlien 
through an extremely thin aluminium window intf) an electroscope 
thereby ‘‘ionising ” and causing a collapKc of the leaves, A mag- 
netic field was then applied In sucli a direct ifui as to dmlcci the a 
particles to the side of the plates carrying tiic ridge, in which case 
they did not enter the electroscope. From the known of 

the field and the direction of deflection it was provcti that the 
particles were positively charged. A stream of gas paa^ed down- 
wards through the apparatus to carry ofT the emanation " (Art. 
335), It is mentioned above that ioniBati<m is mainly due to a rayn. 

(3) M. and M me Curie showed that the p rays are negatively 
charged particles, - They embeckied a thick lead platf? in a block 
of paraffin enclosed in an earthed metal casing. Tho casing over 
one face of the block was very thin. The lead plate was ooiniect&l 
to an electroscoi>e and the thin part uf the casing was itcid over 
some barium -radium chloride. The lead became increaHingly charged 
with negative electricity. Since all the a rays are absurbi'd by the 
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thin casing the negative charge must be due to the absorption of the 

^ rays. Since radium is originally eleotrioally neutral, if we enclose 

it in a glass vessel of sufEoient thinness 

to let the /S rays escape but to absorb the 

a rays, the inside of this vessel should 

become positively charged. This has been 7- rays 

experimentally confirmed by Mme Curie. 

The behaviour of the rays in a 
magnetic field is shown in Fig. 507. L is 
a lead block containing a narrow hole at ct-rays 

the bottom of which is placed some v\\ 
radium. The a, 7 rays from the radium 
emerge from the hole as a narrow vertical 
pencil. On the application of a strong ^ 

magnetic field the a rays behave like ^ ^ ^ 

positively charged bodies and are slightly ^ \ 

deviated to one side. The ^ rays, acting 1 1 

like negatively charged particles, are ) I 

deviated to a much greater extent on / 

the other side of the vertical, and if the 
field is strong the ^ particles describe 2^7 

circles of variable sizes, depending on the 
velocity with which they leave the radium 

and the strength of the field. The 7 rays are not deviated ; they 
are aether pulses, uot charged particles. The deflection of 
the a rays is exaggerated in the figure. 

More recent work has elucidated the following informa- 
tion about the ravs : — 


330« The a Bays. — These are the least penetrating 
rajs from radio-active bodies, being completely absorbed 
by *01 cm. of aluminium foil They are only slightly 
deviated in a strong magnetic field, and consist of a stream 
of positively charged particles, projected from the active 
matter with a velocity of from 1*55 X 10® to 2*25 x 10® cm. 
per sea Their value of ejm is 5*1 x 10® electromagnetic 
C.G.S. units per gramme. By direct counting, electrically 
and optically, Eutherford and Geiger found that one 
gramme of radium itself (ie. the products excluded) gives 
off S*4 X 10^® a particles per second. They also measured 
the charge carried off by the a particles, and from the know- 
ledge of the number ded uced that the charge borne by each 
a particle is 9*3 x 10""^® e.s.u., i.e. 3*1 X 10~®®e.m.u. Com- 
bining this with the value of e/m they found that the mass 
of an a particle is 6*2 x 10"®^ grm. This is equal to the 
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mass of a helium atom. The charge on an a particle is 
twice the eleetronie charge. Since heluim us always lound 
in company with radio-active bodies, kutiieriom lioimJiides 
that the a particle is an atom of helium, or rath.-.r that the 
a particle, after it has lost its positive charge, is au atom 
of helium. He has confirmed this with the spc-f-t ro.sfope. 
Most of the energy emitted by radio-active bodies is carried 
by the a rays. During the flight of an u partmle through 
a ea.s it knocks of negative electrons from many of the 
atoms and is thus an effective ioniser (201 hoyi.) kmih pw o 
particle), rapidly spending its energy ui t he process. 1 ho 
expulsion of an a particle from an atom being » 
of an internal explosion, tlie residual atom recuils. , ilie 
existence of these recoil atoms has been showu in many 
ways. Further, taking the « particles to be heiiuiu, one 
gramme of radium in equilibrium would, emit dFd c,c. of 
helium in one year; the amount actually ol>servtHi is 1 / 0 c.c. 

331. The P Rays.— These are more peiietraiing than 
the, a rays. A thickness of aluminiinn hnl equal to cm. 
is required for complete absorption. Owing to their pene- 
trating power they are easily detecied by photography, and 
Becquerel by photographic method.^ measured tiieir dellec- 
tion in a magnetic field and found that <m was very nearly 
10^ electromagnetic C.Gr.S. units per gm., that v was from 
1‘6 X to 2‘B X 10^^ cm. per second, which is nearly 
equal to the velocity of light, and that their charge %vas 
nec^ative. They are therefore identical with the runs of 
the kathode stream. The p particles from radium have, on 
the whole, higher velocities than those from uranium, but 
these latter are more uuiforin in velocity. Tlui rnass ” of 
the ^ particle increases with the velocity fami tlutrefore 
■ e/m decreases); this is a consequence of the elcH.?tro mag- 
netic theory, as will be seen later. 

332. The y Bays.— These are extremely |>enetra.tmg 
. rays; Eutherford has detected them after they have passed 
through' afoot of iron. . They readily excite luminogity in 
various platino-cyanides and . in willemite (zim silicate) 
■after passing' throxigh half .an inch of lead. They cannot 
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1)0 deflected in a magnetic field, so that it seems they are 
mot a stream of electrified particles.. Prom the similarity 
of their action to penetrating Rontgeii rays it has , been 
coiiciiided tliat they consist of pulses in the aether of 
very short wave length generatea when an electron 
is expelled from an atom. This view is borne out by 
the fact that tliese y rays accompany rays and are pro- 
portional to them. Recent investigations on the absorp- 
tion in aluminium and lead of the y rays from radium B 
indicate that several series of characteristic radiations are 
present and that the 7 rays correspond to the natural modes 
of vibration of the internal structure of the radio-active 
atoms. 

333- ‘Ilfhe ^ Bays, — Slowly moving negative corpuscles 
have been detected by Thomson which are very similar to 
the /? rays (electrons) , but which do not ionise owing to their 
low velocity ; tliese have been called S rays, The least 
velocity for ionisation is x 10^ cm. per sec., whilst the 
velocity of the B rays is 8*2 x 10® cm. per sec. 

334, Betermination of e/m and v for the a and /i 
Bays. — (1) a Rays. In Pig. 508 IF is a groove containing 
a wire which has been rendered active by 
exposure to radium emanation. The a rays 
pass through the slit S and fall on the photo- 
graphic plate F ; the vessel is exhausted, A 
magnetic field is applied parallel to the wire 
and slit, thus deflecting the rays to one side. 

The field is then reversed, thus deflecting the 
rays to the other side. If dJ be half the dis- 
tance between the bands on the plate P, r 
the radius of the circle described by the 
rays, j> the distance between P .and' S, w the 
distance between W and 8, and M the intensity of the 
field, then, d being small-— 
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Tlie apparatus is somewhat modified for the electrostatic 
J fl! tinn The rays from the wire pass up between two 
SrparaM pX (-21 mm. apart) kept at a P.IJ JC 
bv means of a battery. In passing between (he P ‘'bis hey 
dLS a parabolic path and on leav.mg P ‘f “ 

. •7m line to the photographic iilate i’. Jlw held is 
re^il Lin the case above. If p, be the di.sf auce tetwoeu 
p end of the parallel plates, q the distaiao 

edee^s of the deflected band, it is readily ostabh.sae-l that 

e _ -//)!- ... (2) 


mv^ 


From (1) and (2) c/w and « are detennmed. 

e Eays.-The principle of the method is as fidlows 
The rays are subjected to superimpose, magnetic and 
dStroXtic fields, tie fields being parallei so hat the de- 
flections they produce are at right angles, and the raib are 
necnous j f,i,„toirraDhic plate. Imagine the source to 
Te lot oW. 502) be the 

M imnaot when both fields are absent, O.S’ the direc- 
tion of the electrostatic deflection, and O.lf the direction of 
!he magnetic deflection. When both fields are «n, the point 
of impMt win be (say) O', in which case Os is the electrostatic 
and ^ the magnetic deflection, both of which can there- 
Sbe measured. The calculations of elm and » are then 

those outlined in Axt, 82S. , 

value of v varies, and as it mcreasos, approaching 
thnf of Ikht, eM decreases, or, assuming e constant, 
mass m therefore increases with the velocity (see Art. 33b), 

As already indicated the value of ejm for the a particie 
is 5*1 X 10' e.m. units per gramme, ami tor the /i particie 
about -OS X 10^ to 1*71 X iO^ units per gramnuj de^ 
pending on the velocity. Little further need, be said about 
the B rays in this chapter for the fi particles are eiectrom 
(Chapters XXIIL and X-KY,). 

334;a. Betermimation of e.and nt for the « Far* 
tide- Identity with Kelium.— The action of mdi- 
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Eutherford aad Geiger worked as follows ;—Tlie glass 
point G (Fig. 509) carries the active material which is 
ejecting a rays in all direcUons, those falling on the small 
opening 0 passing through into 0. The potential difEerence 
between the wire W and the walls of 0 is such that the 
saturation current is flowing and the rising part of the 
curve is almost beginning. The conditions are such there- 
fore that the advent of an additional a particle increases 
the conductivity and produces a distinct throw of the elec- 
trometer. By noting these, the number n of « particles 
which enters the chamber in one minute can be determined. 
From this the total number N given out by G is obtained 

M. AND E. 54 



file relation'' wie soiio angle 
gnMeiided at tf. bv tbe opening 0. Witli full n.iteiif ion to 

details it was fouud that the uuuihor of piirtieloH etuit. wi 

bv Badium O from one grammie of rad 111111 was ,>-4 / H) 

Der second. Pinally, the total charge given i-Hir 
a conductor was determined, the /i rays h.-ing .lellocted 
away from the conductor by a magiiotu: hfld- Knovving 

the charge per second and the number ot « 

second, the charge e on the a particle was ouiui. 1. as as 
alW stated is 9-3 X 10-’» e.». vm.t or 3 1 X 
Lt, i.e. twice the electronic charge, Com 
this with the e/m value above, viz. o'l X It) «« -cl m — 

6 X gmiiim6 ‘wliicli is islio iEa*ss o£ 3* licliiiia Ettom# 
Tiiat tlie' a particle is an atom of lieliiiin iia.s also Irfnni 
demonstrated as follows EutbeiiV.rd iind Boyds ihtamed 
some very thin glass bulbs (’Ol mm. thu U) wluoh would 
allow 01 particles to pass tlirough them ami at tlie siime 
time would stand a satisfactory pressure, l.adumi eiuana,- 
tion was placed in a bulb, the whole was put in an ex- 
hansted tube and the spectrum was esammed wlmn a 
current passed through the tube. For tweatv-lonr liours 
there were no signs of helium, in four day.s helium hues 
appeared, and in six days the full liehum sped rum fern e 
its appearance. As nothing but a parhckn '•««/</ get into the 
outer tube the conclusion was obvious that the a jiarticles 
were helium atoms. Finally, the exponmeut was r.-peated 
but with helium kself under pressure m the iimer bulb : 
in this case there were no signs of helium in t lie outer 

tube thm confirming the above. 

335. Badio-active Changes. (1) General.— It has 

been conclusively shown by Butlierlord and others that 
the radio-active elements are elements in a more or 
less rapid state of disintegration. "When a corpus.ile, i.e, 
a Q particle, gets; loose and escapes and when an u particle 
is expelled the remainder become a new ionti of atom. 
As soon as an atom of one kind tiisintegr;itt‘s inbi an 
atom of another kind, this new atom al-m begins disin- 
tegrating, and so on. Butherford iuis showu that t.he late 

of disintegration follows a dehuite law, which may be ex- 


BA DiO- ACTIVITY, 


447 


pressed as follows -.—'Let Mo be the mass of active material 
mitiallj present, ■ and Mt the mass i seconds afterwards, 
tlien 

( 1 ) 

wliere e is the base of tlie Napierian logarithms, and 7 is a 
constant for the particular substance (radio-active con- 
stant). Hence the time T for half the substance to dis- 
integrate will be : — 


^Mo 


: Mne' 


-jT 


or 


T = 


•6^ 

7 


and 


i.e:T=^^. 

y 

■693 
7 = -5r- 


( 2 ) 


To take an example : in the case of radium emana-fcion 
— one of the disintegration products of radium— the time 
T for half -value is 3-86 d-ays, and therefore 7 for this par- 
ticular disintegration product is •693/(3'86 X 24 X 60 X 60) 
i.e. 1/480000. 

Again differentiating (1) we get : — 
dt 

dM 


%.e. 


dt 


yM (numerically) ( 8 ) 


from which it follows that in the example taken-— radium 
emanation— only 1/480000 of the number of existing 
atoms disintegrate per second. As further examples it 
may be mentioued that the half value time T f or thorinm 
emanation— a disintegration product of thorium— is 54 
seconds, so that y == 1/76. The half value time foi^ 
radium is 1730 years. 

Evidently, if we keep a quantity of the primitive 
substance and allow nothing to escape, we shall have in it 
a collection of atoms of all the products of disintegration, 
and if we keep it long enough a steady state will be 
obtained in which the number of atoms of any one product 
changing per second into the next product will be equal to 
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the number of atoms of the product foruied by (lisiniegra- 
tiou“ the previous praduot. The prod.a.fs are tbeu sard 

to be in a state of .radio-active ecjiiilibr mm* 

In the sections which follow thesuccessivt'diHiivicKU-ation 
products or “ metaboloas,” as they are callmi, which 
Lcur in the disintegration of uranium, ra.iii.m, ucUuium, 
^nd thorium are de^lt with. ’r'ta 

are all solids except the “emanations horn i.ulmm, 
thorium, and actinium. These are 

of the properties of an ordinary gas. ihe tl lu. uiuru- 
tions "are very similar in their general properties, but they 
difier c*reatlv in their rates of production and (iH;.i,y . As 
radium exists in the earth’s crust radium emaiiution exists 

in the atinospliere. ■ ^ • Tt..i 

The curve, of which (1) above is the equation, is called 
“exponeutial” : it appeared in Cliaptor ,\\1L. when dea - 
in» with the decay, etc., of a current m a wire, and it wUl 
appear again in dealing with the radio-act.ive changes m 

tlie sections wMck follow. 

' 335a.“— -Radio-activ© ChB>ngeB« ( 2 ) Uranmm X and 

Thorium X— Crookes in 1900 added aminoimiiu earbonate 

to a solution of uranium nitrate, and dissolved t pre- 
cipitate by excess of the reagent, lie fuuiid that the 
precipitate did not totally redissolve. and that 
precipitate left yras photograjAically as active as the 
orimnal uranium, while the uranium m the filtrate was 
photographically inactive. This precipitate ho called 
traninm X. The two were kept aptirt tor some time, 
and it was found that the solution wholly regauieii its 
activity, while the precipitate completely lost its activity. 

More recent experiments have shosvn that the decay or 

photographic activity of the Ur. X follows the ('.xpiuieutial 

law I = I e~^, and that the rate of recovery of the photo- 
graph'ic activity of uranium follows the co.’uplemeutary law 

j _ j _ jg“^* where A. is the radio-active constant of 
IJr x”; this is indicated in Rg. 510. From the curves it 
is clear that TJr. X falls to half value iii 22 days, 
whilst IJranium recovers to this value in the same time; 



thus bopns to increase in activity. Of course this new 
Ur. X will begin to lose activity, just like the Ur. X which 
was separated', but the constant production of fresh Ur. X 
causes the activity of the uranium to increase until the 
equilibrium condition is reached, when the loss of activity 
per second of the Ur. X present equals the gain inactivity 
per second due to new Ur. X : the uranium will then have 
regained its nonual activity. 

Electrical measurements showed that uranium lost little 
or none of its ionisation activity on the precipitation of the 
Ur. X, and that the Ur. X was almost inactive. 

Eutherford lias explained the above on the assumption 
that uranium itself only gives off a rays, while the Ur^X 
into which it disintegrates only gives out p rays. The 
a ray activity, and 'therefore nearly all the ionisation 
activity, is thus unaltered by the removal of lhe_Ur. X, 
while this removal takes all the /3 i-ay activity, and there- 
fore nearly all the photographic activity, with it. 

Eutherford and Soddy precipitated thorium from solu- 
tion by means of ammonia, and found that the solution 


at anj instant tlie sum of the values for the two curves is 
equal to the original value. 

The explanation of tlie above is simple on the disintegra- 
tion theory. When the Ur. X is separated from , the 
uranium it begins to lose its activity. The uranium, how- 
ever, goes on producing new Ur. X at the same rate, and 
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wMcli is free from tliorium possessed the gr<‘fifer f>:trfc of 
tlie LictiYity,^ wMlst the precipitated tliorimu bad lost the 
greater part of its activity. .. The bow sabslaiico was (tailed 
Thorium X. After the lapse of a luoiiih the llaumim X 
had lost its, activity and ^tlie dhoriiim luol reeovered. 
Ne^deciiug certain irregularities in the early Bin g(ts (wiiich, 
however, are quite capable of explanation), the decay and 
recovery curves are similar to those ot hig* oiO for 
nramum and Uranium X. The half value llmo for 
Thorium X is about 4 days. 

Actinium X, a traaisformation . prodiiet , of acintmm has 
a half value time of about 10 days. 

Modern work indicates that the changes imm i.honum 
to Thorium X, and actinium to Actinium X, ar^^ywi direct 
changes, but that there are intermediate proflur.fs and 
various complications: tlmse, hammer, do not intorfore 
with the general principles and theory, and will be intro- 
duced later. 

335b, Badio-active Changes. (3) The Eiiiana- 
tions.— Badium, actinium, and tliorium diib*r from 
uranium and polonium in that eacli constantly gives 
off a heavy gas which is strongly radio-active. This gas 
is called an emanation, and it has nmny of tlie pro- 
perties of an ordinary gas. It can be carried along 
pipes by a current of air, it ditTuses through porous 
bodies, \t can be condensed, etc. The emanations from 
radium, actinium, and thorium are very Bimihir in their 
general properties. They diter, however, greatly In their 
rates of production and decay, and in some ot her proper- 
ties. The hrst emanation discovered was that rjf t ht>riuim 
Badium exists very widely distrilmled througlnmt the 
earth’s crust, and therefore radium emanation exi^^s fto a 
very small extent) in the atmosphere. It may be. ahsorlied 
from atmospheric air by drawing the air tlirougli a tube 
packed with coco-nut charcoal. If the charcoal is after- 
wax'ds heated to redness the emanation is driven tdT and 
may be collected and tested. 

'■ To. study the life of thorium emanation the apparatus of 
Fig. 611 has been employed. 
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Exp. A water pump draws ait through cotton- wool (to filter out' 
dust particles) in a tube ,i>, and then over a layer of 'thorium oxide 
or hydroxide in a tube 1\ Charged with the emanation the air 
current ent:,{,u‘s an insulated metal can G through a tap at and 
after passing tliroiigh tlie can and mixing with the contents leaves 
it by a tap at h* Tiie mouth of the can is sealed by a sulphur plug 

T o 

Electroscope 


Earth 


Waters 

Pump 


To 

Battery' 


Meta! 

Vessel 


Cotton Woo! 


in a sliort tube G being fitted into an ebonite plug which fits the 
moutli of A wire penetrates the sulphur plug and hangs axially 
wiUtiu the can ; its u])per end is connected to an electroscope or 
eUictrc iintv or. d'btj cai i in eorinccted to a battery of suflSeient voltage 
to saturate ibe y\>-doe lictwcen the wire and the walls of the can, the 
other terminal of the battery being earthed. The guard ring G is 
earthed, thus all possibility of a leak from the can to the wire is 
checked, ami the good insulation of the sulphur combined with the 
low potentiid diilerencc which usually exists between the wire and 
0 during m experinujut stops any leakage from the wire. 

The air leak being first takem the air current is started. It is 
observed that tiic h‘ak in 0 gradually increases owing to the flow of 
emanation mta it. d'he leak, however, is not entirely due to the 
emanation, fur, as will be explained later, jthe emanation causes the 
depo.sition of active inatter on the walls of C'and on the wire. The 
leak due to this active matter gradually increases, but in about ten 
minutcH attains a Tnaxinunn which is not very large compared with 
the emanation leak, and keeps practically constant during the rest 
of the experiment. As soon as the leak is practically steady, the 
taps are turned olf an<i tho pump stopped. The emanation in Gib 
thus isolated, and it will he found that the current through 0 
grafhially decreases. The I'cadirigs usually taken in such an experi- 
ment are the df^lection of a gold-leaf of an electro cope, or of a 
needle of an electrometer. The former deflection must be trans- 
lated into voltage, and tho latter one i.s already proportional to 
voltage. The voltage-time omwe must be first plotted, and then by 

the method of differences current^ a current-time 

curve constructed. If accurate measurements are taken the cur- 
rexit-time curve will be vei*y similar to Fig. dl2. The ordinates of 
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^ B represent the total current. Alter ten in inn tea or m the leak 
will be' steady at the value given by 00 . 00 will he greater than 

the normal air leak 0/i? owing to the active doposit mentioned 
above. Through C draw a line GD panille! to the axis of time. 



The ordinates of A B measured from C/J will give the current due 
to the emanation, which is proportional to the amoiuit of emanation 
present. 

A castial glance at tlie curve shows that the hitonf^ito of 
the, ionisation due- to the em.anatioii decays to half value in 
about a minute, I.e. .any ordinate reckoned from OD m half 
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fclie. value of the ordinate drawn about a minute earlier. 
As before, the curve, is exponential,” and its equation is 

I, = Le~^’ 

where L is the value of the ordinate when. the time is 
begun, and L is the value ' t seconds afterwards. In the 
case under consideration lo and I* are the intensities of the 
ionisation due to the emanation, and are proportional to 
the amount of the emanation. X is of course the constant 
of radio-active change of the epianation. 

A close study of the curve shows that the half value time 
is 54 seconds; hence from Art. 835 7 = -693/54 = *018 = 
1 / 76 - This means that, for thorium emanation, in .one 
second 1/76 of the amount of emanation in existence at the 
beginning of that second has decayed into other matter. 

Radium emanation can be studied in a somewhat similar 
manner. It is a mucli more stable gas than the above, its 
half value time being 8*86 days and 7 = 1/480000. 

Actinium emanation has a very short life : its half value 
time is only 8*9 scL-onds. 

Radium emanation is p induced direct from radium itself. 
In the case of thorium emanation and actinium emanation, 
there are intervening disintegration products between the 
emanations and the thorium and actinium respectively (see 
later). 

33Sc. Bradio-active Changes. (4) The Active 
Beposits. — It was mentioned above that thorium ema- 
nation deposited a radio-active substance upon the wails 
of tiie can. To study the rate of change of this product 
it is best to cause the deposit to be made on a wire by 
inserting the wire over some thoria in a metal tube. After 
a time the wire is removed and inserted in a testing vessel ; 
the rate of chujige of current in the vessel with time then 
gives the rate of change of the deposit. .. Although nothing 
can he seen on the wire the deposit is intensely active. T,h,e 
deposit may !>e removed from the wire by rubbing it with 
glass-paper ; in this case the glass-paper , becomes active. 
Radium and actinium emanations also produce active 
deposits. 
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^ Eadio-active cli-amges are bj no ineany lhiiaiie<i when the 
‘‘active deposit*’ is, reached but tlie nature of the deposit, 
the complicated changes which follow, the vast amoimt of 
work which has been done in sorting out thctso clawegtis, and 
the methods adopted-are subjects too length v to be, diseubstid 
in detail here: we can only briefly indiatle, and for details 
the student must refer to specialised works on tlie Bubject. 

Taking, in illustration, the case of radium, if a radium 
solution be placed in a flask and a piatinum wire kept at a 
negative potential be inserted tlirough a rubber stopper, 
the emanation with the e.mission of an a parti(de forms the 
active deposit on- the wire, the emanation itself decaying 
to half value, as we have seen, in roughly four tiays 

The wire can be removed at any sta*^"e and the activity 
of the active deposit investigated. It is fouml that whilst 
the activity of the deposit is very much reduced in twelve 
hours and*" the greater part is gone in twenty -six hours 
there is always a part remaining winds persist=s in activity 
for many years, decaying of course in the mejustime ami 
small in amount compared with the preceding. Hence it 
becomes necessary to divide tlie active deposit into two 
parts, viz, the active deposit of quick decay and the 
active deposit of slow decay. 

Taking first the activity of quick decay. Ex fieri iiient 
shows that quite different decay curves are (>l>iaimMl if the 
activity is tested by the a rays and if it is tested by the /i 
rays. Further, diflerent curves are obtained if the wire 
he exposed for a few seconds l>efore testing o"” say for ten 
hours. 

Fig. 513a depicts the curves for an a ray exam bullion in 
the case of a long and a short exposure to tlie emanation. 
Taking the case of the short exposure of one minute (curve 
BB) the activity at fixst falls exponentially, the half value 
time being three minutes. After twenty minutes the 
activity remains nearly constant for a tim-'* ar,nl then 
gradually falls. After several hours the decay sets in 
exponentially with a half value time of about twenty-eight 
minutes. In the^' case, of - the longer exposure* of tweuij* 
four ^ hours (curve' A4) the results are somewhat similar; 
there is first a decay with a half value time of three minutes, 
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tlien a gradual fall and fiiiallj after some liourn an ex- 
ponential fall with a half Talue time of about twentj-eiglit 
minutes. The middle portion in each case sciorns to indicate 
a battle between a substance decaying expoiientiaiiy and 
the fresh production of that substance at jwi uneven rate 
Fig. 6166 depicts, the curve for a ft raj examination of 
the same short exposure. The ft ray activity is small at 
first, then increases to a maximum in tliirty-five minutes 
and then falls : several hours later it is falling ex|>onentiallv 
with a half value time of about tw(‘nty-eigl'it iriinutcis. 
Fig. 518c. gives the ft ray examination for the longer 
exposure : it falls from the start and finally exponentially 
with a half value time of about twenty-eight miuut.es. 



Fig. 513c. 

A careful consideration of all these changes together 
with a mathematical treatment of them slnnvs that thev 
can be satisfactorily explained on assuming t lir*‘e successive 
changes as follows 

(1) The emanation is transformed into a substance 
called Eadium, A which gives out a rays and falls rapidlv, 
its half value time being three minutes. 

(2) The Eadium A is transfo^^^ into a sulistance 
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called Radiinii B which falls to half value ia about twenty- 
eight minutes. 

(3) The Radium B is transformed into a substance 
called Radium G which gives out a and ^ rajs and falls to 
half value in about t%ventj-one minutes. 

Later investigations whilst not altering the general theory 
and explanation introduce slight alterations in the numbers 
and put additional products into the transformations. 
Thus the half value time for Radium B is now considered 
to be not twenty-eight minutes, but 26*7 minutes, and this 
is followed by Radium 19’5 minutes, Radium Og 1*4 
minutes, and Ra^Iiiim 0^ which is very rapid the half time 
value being only a fraction of a second. These more 
minute details may, however, be neglected at this stage. 

Similarly the activity of slow decay has been investigated 
and class! tied as follows :~— 

(1) Radium 0 is transformed to Radium D, the half 
value time of which is jKudiaps fifteen years. 

(2) Radium D is transformed to Radium jS, the half 
value time of which is about five days. 

(3) Radium L’ is transformed to Radium F, the half 
value time of wliich is about 136 days. Radium F is 
identical with polonium. 

Modern work introduces certain extra products into the 
preceding: these are dealt with in the next section. 

336. Radio-active Ckangea. (S) The Metaholons. , 

(i| 0^^ quite recently the aranium transformation 

was considered to be as folio vvs 

->• 2a ■ .->.a 

*0r. tfr. X Ionium Ra. , 

The atomic weight of uranium is 238'5. One atom uf uranium 
gives olT two a particles in becoming one atom of Ur. X j the un- 
Siarged a particle is an atom 'of helium (atomic weight 4), so that 
the atomic weight Ur, X is 238-5 -.-S or 230*5. Ur, X with the 
expulsion of 0 arid j rays <Iisintegrates into ionium ; an atom of 
this gives out om a particle, and then radium is reached, Le. radium’ 
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is really a disintegration, prodnet of 'urarnuin ; if a uranium atom 
loses, as thus indicated, three a particles tiie aiomio weight of the 
resulting product will be. 238*5 -* 12 or 226 *5 ; the atomic weight of 
radium k' 226*4. . 

,lt should be noted' that the km of a ^ partiele does not alter the 
atomic, weight. Further, y rays' nearly always aci;om|)aiiy ^ rays. 

It was early suggested that uranium really liroke up intwo ways, 
U.r. X and Ur, Y, and latest work indicates that the full uranium 
transformation is probably as follows 


The new eleinento-Uranium X^.— fmda a place in the fifth group 
of the last line of the periodic system ; it has been called imnimi. ^ 

(2) 'Until quite- recently the radium transfonnation, 

was considered to be as follows 


S»a. B Ba.. T 

The disintegration of an atom of radium consists of the ©scpulEioii 
of a and fi particles, the result being an atom of emanationr This 
change is slow, a quantity of radiuuj decaying to half value in 
about 2,000 years. The emanation atoms cluinge by th© expulsion 
of a particles and slowly moving & particles inbi Radium A, wiiioh 
constitutes the first product of the sictive de|Kj.slt. Only on© a 
particle but more than two Ppartioles are expeiicd from the emana- 
tion atom , in changing: -into Badiu A, ' The emanation being ore- 
viously neutral, this leaves the Badium A atom poHitively charged 
and hence in- an: electric field, it at once goes to the kathode. I’he 
whole of the remaining changes now occur In the active deposit 
Radium A is very short-lived. In three minutm only half the 
Radium A atoms are left, the remainder having eimuged bv the 
expulsion of an a particle per atom into Faidium ii lUffium B has 
been called a « rayless” change, but it is not really so. HIow- 
moving § parfciol^ are expelled, and Radium C resulto, Rarliiun 
B decays to half value m 27 minutes, Radium C in 16 minutes; 
these, together with Badium A, constitute the rapidly chauLdn^ 
active deposit. ' An, atom, of -Radium C gives out a and 8 partudca 
and 7 rays meanwhile, teeoming an atom of Radium IK Itadlum 
D slowly changes^ into -Radium F, which quickly changes on the 
expulsion of j8 -and 7 rays Into-. Radium F, which l» identical with 
Polonium, Theactivity of a soiiddue to tha A R n. 
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(PoloniTUu), 


or that botli conditions existed. Latest work indicates that the 
full radium transformation is probably as follows 


a a a(?)/3 ^ 

Ka. “> Ba. Bm. Ba. A "> Ba. B -> Ci -> Ba. Ca 


a 


Radium emanation has been given the name niton, A recent 
examination of lead ores from Joachimsthal, Morogoro, and Norway 
has yielded leads of apparently 206*405, 206*046, and 206*063 atomic 
weights respectively (common lead = 207) ; these appear to agree 
with Ra. G (uranium lead) from Ra. F by the expulsion of an a 
particle. Soddy and others have shown that in that part of the 
periodic table where evolution of elements is still going on there 
may be more than one element varying somewhat in atomic weight. 
The conclusion certainly is that Ra. O is an isotope of lead, (The 
word isotope means “ the same position ” in the periodic table). 
Modern work on isotopes probably indicates that an element may 
have more than one atomic weight due to atomib nuclei ” of the 
same element and total charge oeing built up in slightly different 
ways (Chapter XXV.). 

llie following summarises the uranium — radium group of radio- 
active changes. The first number below each is the atomic weight 
obtained by subtracting from the atomic weight of uranium (238*5) 
the atomic weight (4) of each helium atom emitted. The second 


they disintegrate. The properties of the next atom to Polonium 
have not been definitely worked out, but it is extremely probable 
that this .atom is lead.' (See below.) . . 

A radium atom gives out four a particles in becoming an atom 
of polonium ; this gives the atomic weight of polonium as 226*4 — 16 
or 2i0'4, which suits its position in the periodic table very well. 
The expulsion of an a particle from polonium would leave a re- 
mainder of atomic weight 200*4, which fits in well with lead (207). 
Campbell has found that nearly all ordinary metals are slightly 
active, and of these lead is one of the most active. 

It was noticed that the break up of Radium C was somewhat un- 
usual, and the suggestion was put forward that there were certain 
successive products or that the atom broke up in two difterent 
ways thus : — 


Radium C, 




4 ' 

Radium Oj 


Radium I) 
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number is the half - value time {y ^ years, . ci = diiys,' h = hours, 
m = iniiiutes, 6 = seconds) :~ 






ITr, 1 2^ Ur. • 

234 ’5 

5 X lf%. 24-6ti. 




Ur.T -> lo. — - 

330 'f) 230*5 

25*5/i. lOSy. 


~->“a 


^ ^ a 
■> Ur. X. - — Ur. 2 — - ■> 

234-5 " 23. 1*5 

1 4 X 10%. ■ 

a§ a 

<- Ba. — > Ra.Em. 

17;%. 


“~>iS 




Ba. A ->• Ra. B y Ba. Cj, Ba. C-. 

21h‘o ' ■ 214*5 214*5 214*5 

3?/J. 2(j*7?j’i, ll)-5w. I*4'm, 


“> § 




—■ 

Ba. >• Ba, B— >' Ba. B-. 

214*5 210-5 210-5 

10-%. 15*S3j^. 4-S.5ii. 

— --^Pb 

200-5 


-y§ >a 

— Ba. P {Poh>jHum)-> 

, 2in 5 
\V,CiL 


(3) Thormm (Fig. 514). — The relation between I’li, X and thorium 
(or perhaps radiothoriiun) is very similar to tiiat, hetween Ur. X 
and uranium.^ it has been found that thurium emanalhai gives off 



,, ; : : ■ Fig,- 514. 

slow-moringiS particles as well as a particles, and posnibly 'iliorium A 
also emits these slow jS part-ides. It has been suggeH{vd that the 
final product in the case of thorium is bistnulh. (For latest work 
see page' 466.) ' ■ 
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( 4 ) The changes are very similar to those of 

thorinm. Aofciniimi emanation has a very short life (“ half value” 
in 4 sec., i.e. 7 = *17). (For latest work see page 466.) 


Tiie radio-active changes referred to in the preceding 
are tabulated on page 466. 

336a. Badio-active Changes. (6) The Mathe- 
matics of the Changes. — We have seen (Art. 335) that 
if there are If atoms of a radio-active substance present at 
any instant the number disintegrating in one second is 
yilf whcu-e 7 is the radio-active constant. 

Consider now a substance W disintegrating and pro- 
ducing a substance X. Let joMo be the rate of production 
of X due to the decay of TF. Let y, be the radio-active 
constant of X and let Jf be the number of atoms of X at 
any partimilar instant. In a small interval of time dt the 
nuinber of atoms of X which decay will be y^Mdtj and the 
number which will be produced'by TF will he yoModt; 
hence the increase dM is given by 

dM = yoModt — y{Mdt 

= y„M<, — y,M (1) 

Integrating we get : — 

M - ° ■ 

r. 

K being a constant. Now at time t =z 0 there are no 
atoms of X yet formed, i.e. If = 0 when t z=z 0. Sub- 
stituting, 1C = — yJQy^ .and we get ; — 

M - 
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where a; = y = - e 

* = [ ha - 73)« ~ + (71 - 72)e ” - (7i - I'a)* “ ] 

In the above Mi are the number of atoms of II X >' present 

at any particular instant, YiTaYs are tlie three radio-aotive constaota 
and Ifo the number of atoms of' IF initially present 

3361b, aadio-actiYe Changes. (7) Explanation.— 
The disintegration theory previously outliiie^l is universally 
accepted, bnt a satisfactory explanation will only Ini possible 
when much more is known about atuiiiic strurturo. It lias 
been iucidentaliy mentioned that the rings of ideetrons 
within the atom are in rotation, and for sf ability the 
velocity must be above a certain value. Owing to radia- 
tion and consequent loss of energy the vehndty may fid! 
below this value : when this happens an electron i(*av(‘s its 
ring, starting an orbit of its own. N«.nv tlie radiation from 
a single electron is very much greater than from a ring of 
electrons, so that the energy loss is now much greater, the 
stability is less, and an “ explosion occurs, a helium atom 
(« particle) being apparently torn from the atom and ex- 
pelled. The ejection of this is sometimes accoinpanied by 
the ejection of the electron (fS particle) wdiicli started the 
trouble : sometimes more than one helium atom is ejected 
before this electron is finally expelled. Of course, after 
these ejections the remainder is a new form of aitun, and 
the process continues, the rate of disintegration, however, 
being invariably 'different— sometimes faster, sometimes 
slower, but frequently slower for a time emee the disorderly 
electron has been expelled. The present stage of our 
knowledge certainly provides some explanation as to why 
the electron is the “ rowdy boy in ilic atomic household": 
it provides no definite explanation as }’et as to why the 
ejected particles apparently torn from the atom are atoms 
of helium (Art. 330). 

337. Miscellaneoms. -The atom Isa huge storehouse 
of energy. , The .electrons ' arranged within the atom ate 
in extremely rapid rotation. When an electron (i.e. a /i 
particle) gets loose , and. escapes some of the energy is made 
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manifest. When an a particle becomes detached much 
more energy is lost by the atom. With most bodies it is 
very rare that either an a or a ^ particle gets loose, but 
it is common enough with uranium, radium, thorium, ac- 
tinium, and polonium. Hence their radio-activity Most 
of the energy set free is due to the a particles. The escap- 
ing a particles from the interior of a mass of radium are 
absorbed by the outer layers with evolution of heat, and 
hence the radium becomes warm. Curie and Laborde 
showed experimentally that radium keeps itself about 2° 0. 
hotter than its surroundings, energy being emitted at the 
rate of 118 grm.-calories per hour per gramme of radium. 
During the disintegration of one gramme of radium 
energy is given out equal in amount to that obtained by 
burning 500,000 grammes of coal, but it takes the radium 
somewhere in the order of 3,000 years to undergo the 
change. 

Ihidium exists very minutely but very widely distri- 
buted throughout the crust of the earth. Strutt has 
calculated that the heat« generated by disintegration of 
the radium present in 40 miles of crust is sufficient to 
keep up the temperature of the earth to its present value. 
Incidentally, therefore, all former calculations on the age 
of the earth have been falsified. 

The velocity of an a particle can be calculated from the 
distance it will travel in air before its ionisation and photo- 
graphic powers have dwindled to zero. The following 
table gives in the first column the greatest distance the a 
particles from the metabolons enumerated travel in air, 
in the second colnnm the initial velocity of these same 
particles, and in the third column the relative amounts of 
energy these same particles carry: — 

cm. cm. per seo. 

Radium ... 3*5 ... 1*56 x 10» ... 24 

Radium emanation ... 4’33 ... 1*70 x 10® ... 29 

Indium A ... 4*83 ... 1*76 x 10® ... 31 

Radium 0 7*08 ... 2*06 x 10® ... 42 

Radium F ... 3*86 ... 1-62 x 10® ... 26 

Considerations of the “K” and “L” series of characteristic 
radiations (Art. 322) led Rutherford and Richardson to believe that 
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the T rays from radio-aotive matter must coufilftt of the charaefceristio 
radiations of these heavy elements similar U) the correspoiidiog 
radiations observed in ordinary elements wh<^?i bombarded by X-rays. 
To investigate this the y rays were aiudysud by nofans nl their ab- 
sorption by aluminium and lead. In the latter case the rays from 
Radium B could be divided into four types, an<l sirnilar results were 
obtained for all elements emitting y rays ; in H<)me oaseB the y rays 
corresponded to the charactefistio radiation of the “ K” series and 
in others to the ** L” series. From these and other con.dderaiions 
it became evident that the y rays corresponded to tin; nat ural niodes 
of vibration of the inner structure of the radio-active atoms. 

Fajans has recently indicated that: — (1) A radio-active 
element ejects either a particles or /i particles l)ut not both. 
(2) The ejection of an a particle involves a shift of two 
places in the periodic table. (S) The ejection of a /i panicle 
involves a shift of one place in the oppt^site direeJ ion to the 
above. This seems to be borne out pretty well. At the 
same time it is worthy of note that Bince the initial nrsmiuin 
is neutral and the final lead is neutral, at mma st ages more 
than one electron per atom must be expelled ; t hus in the 
disintegration of uranium there are eight helium atoms 
ejected each with a charge 4- Sa and sixtf;jen ejected electrons 
are necessitated each with a charge — e : intermediate 
products of short life may of course be assumed to account 
for it all. The readers of this Ijook, the rising generation 
of physicists, will have ample opportunity of sorting out 
these problems which are of absorbing intiu'esi but— to- 
day— -only partially solved. 

In the study of radio-activity we have witnessed the 
gradual “breaking down” of the heavy radio-a€ti%¥i ele- 
ments into lighter ones with the ejection of helium atoms 
and electrons, and as there are indications tJiat possibly all 
substances are “active” to some ext«»nt (|)age 459)" the 
suggestion may be made tliat, on this earth, ail matter is 
possibly gradually breaking down into helium (tlie cautious 
physics student will add “and pn drably hydrogen”) with 
the emission of electrons. Now in tiie stinly of astronomy 
it is found that the newest (hottest) stars are made up of 
helium and hydrogen (and two other unknown elements), 
whilst as older and. still older stars are examined, heavier 
and still heavier elements luitke their appearance. Is it 
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possible therefore that in the ** earth’s beginnings ” the 
eieiiients as we know them now were gradually built up 
from these light elements — helium and hydrogen — to under- 
go again a gradual breaking down into these light elements 
on the earth as we know it now ? To quote Mr. J. A. 
Crowtlier (Molecular Physics): “The question suggests 
itself —are tlie elements merely a part of a great cycle of 
growth and decay ? Is the atom born, to grow old, decay 
and die ? Are new atoms being formed in the secret places 
of the universe to take the place of those that have passed 
away ? ” 

Time will probably show. 


Exercises XXIIX, 

Section C. 

(1) Give an account df the various kinds of radiation emitted by 
a solid compound of radium, explaining how the properties of the 
various rays may be investigated experimentally. (B.Sc. Hons.) 

(2) Describe a method of determining the quotient of the mass by 
the charge of an electron. 

Show tliat the value of this quotient may depend on the velocity 
of the electron, and describe experimental work dealing with this 
effect. (B.Sc. Hons.) 

(3) Give an account of the principal experiments to which we owe 

our knowledge of the a particle. (B.Sc. Hons.) 

(4) Give an outline of the theory of the disintegration of the radio- 

active materials, and deduce equations showing the amounts of two 
eo!isecutive products present at any time subsequent to the isolation 
of the higher product. (B.Sa Hons.) 
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Substance. 


Hall Life., 


iiays. 


IJrarthim 1 
Uraoiiira Xi ■ 
Uranium X 2 
Uranium 2 
Uranium Y 
Ionium 
Radium ' 

Radium Emanation 
Radium A 
Radium B 
Radium Cj 
Radium Cg 
Radium 0^ 

Radium 1) 

Radium E 
Pohaiium {Ra. F) 


'liiurunu 
Mesotixorium ,l 
Mesotborium 2 
Radiothorium 
Thorium X 
Thorium Emanation 
Thorium A 
Iliorium B 
Thorium Cj 
Thorium D 
Thorium 


Aotiniura 
Radioaefcinium 
[Radioactinium'] 
Actinium X 
Actinium Emanation 
Actinium A 
Actinium B 
Actinium 0| 
Actinium I) 
Actinium 0^ 


5 X 10» years ■ 
24 ‘6 days 
1 ‘15 minute 
2 X 10® years f?| 
■ 25 ‘5 hoiire 
iO^ years 
173(1 years 
3*85 days 
3*0 minutes 
26*7 minutes 
19*5 minutes 
1'4 minufe 
10“*® seconds {'i| 

' 1 5 *83 years 
4*85 days 
130 days 


1 *5 X years 
5 *5 '.years 
6*2 hours 
2 '02 years 
3*64 days 
54 seconds 
0*14 second 
10*6 hours 
60 niinutes 
3*1 minutes 
10""^^ seconds {?) 


200 years (?) 
18*88 days 
60 hours (?) 

1 1 •4 days 
3*9 seconds ■ 
fi*002 sect >i id 
30 *i minutes 
2*15 minutes 
4*71 minutes 
O’CKil second 


«. 

P 
P , 

o 

p 

m 

ap 

a 

& 

P 

P 

CL 

P 

0 

a0(r} 


a(?) 

«■ ■ 

£1 

P 
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CHAPTER XXV. 



ILECTEONIC THEOEIES AND THE' NEW 

PHYSIOS. 


338. Motion, of am Electrified Sphere. Mass of am 
Eiectrom entirely Electrical.*— 'Consider a small sphere 


0 . of radius a , , electrified and 
OX (Pig. '515) with velocity v. 
If this velocity be not large 
we .may assume; the: sphe.re 
to, carry its Faraday tubes, 
along with it,, undisturbed, as 
shown, in the figure. : As ,al-. 
ready indicated,: this, moving 
charge is equivalent to a cur- 
rent, and the magnetic field at 
P due to it is given by the 
expression : — 


Magnetic field at P : 


moving in the direction 




Fig. 515. 


ev Sin a 


where e is the charge, r the distance of P from 0, and a 
the angle between OP and OX. Now the magnetic energy 
per unit volume (medium = air) in a field has been proved 
equal to JP/S-n*: hence the magnetic energy in a small 
volume dv at P is given by : 


Magnetic energy ; 


1 


8ir 
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and' tlie total magnetic energy - In the whole lieid surround- 
ing the sphere is obtained by innigiuiiig the wliole. field 
divided op into these small yoluiuos and fiudiiig the sum 
of all these values* 

0 Consid(tr now f wo spheres 

of radii r ami r + dr to l>e 
drawn in the Indd., the 
charged spla‘re 0 lH*ing at 

theeentnip'ig. 51G), Let, 

as before, OX lie t.lie direc- 
tion of iiioiioii, and let the 
radius OA nntke an angle 
a, and an angle a -4- da 
515 ^ with OA*. X«>w imagine 0.d 

; ^ and Oi/ to re. v< five about 

OX, The area of the belt on the sphere of radJjiH r which 
OA and OB will sweep out is 

■ ^ 27 rf sin a . rda, 

for the radius of the-__circu]ar belt swept out is axp viz* 
^ sin a, and its width ah is Tda. The voluiue of ike Bijace 
between this belt and the outer sphere is - 

27rr sin (x. . rda . d, 7 \ 

and the magnetic energy in this space is, from the pre- 
ceding ^ 

1 eV sin^a 

g~. — . 2wr Bin a . rda .. dr, 

Le, y^dr Bin? a . da. 

4sr^ ' 

The total magnetic -energy -in the entire space betwetm 
the two spheres is clearly : — 

fW, . * 

— 5-ar * sim a *da 


IT 

"■'^1 sm ^ a *< 
da 


I 
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A®, f) 2 


eV-icZr. 


^ ' 


Hence tlie tota.l magnetic energy in tlie wliole field 
surrounding the sphere is the integral of this from the 
surface of tlie sphere, where r =; a, to infinity : that is : — 

1 1 

Total magnetic energy = ~ dr 

d Ja r 


da 

Now if m be the ordinary mechanical mass of the sphere, 
its kinetic energy due to its motion is ; thus the 
total energy of the moving electrified sphere is given by 

1 e* 

Energy = mv^ -f 


1 r , 2 

= 2r+3s>’ 


or it is tire same as if tlie ordiaary mass m were iacreased 
by au amount due to the charge. This latter is fre- 
quently referred to as the electrical mass,” and is denoted 

3a.’ 


or to be more general 2//eV3a, where /i is the permeability. 
Strictly, of course, this mass lies not in the body but in 
the aether; experimentally, however, it is the same as if it 
resided in the former. , ^ 

TJp to this point it has been assumed that the velocity 
is not >"'reat and the Faraday tubes undisturbed by the 
motion.” As the velocity increases, however, the tubes 
tend to set more and more into the equational region YY 
(Fi<>- 516a), and as this occurs the mass of aether they drag 
up with them increases. In other words, the electrical 
nmss is not constant but depends upon the velocity, at 
any rate, when the latter becomes great, approaching that 
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of liglit, ie. as , previous] J ' indicated ilm dedrkal ma$$ 
increases with the Delodiy, Tlieorj shows that, more 
exactly, tlie electrical- mass J is given by an expression of 
the form 

+ ^2 + liiglier powers l*. , 

where F is the velocity of light, and Dr. Abraham gives 
the formula 

Electrical mass at velocity _ J 
Electrical mass at low velocity J, 

4/j^V 2/3 “1-/3 V’ 

Y whero j3 is the ratio of the velocity of 

# the charged particle to the velocity of 
light. 

Turning from the question of the 
— >.X moving .sfiiiere to that of an 

electron, J. J. Thom.son conjectured 


and substituting the known values of e/m ^lud e for the 
electi-on, we_get a = 1'9 x 10'” cm. as the radius of an 
electron: this is very small compared with that of a 
gaseous atom, viz. of the order 10~* cm. 

Again, working with the^ rays from radium, Ifaufmann 
obtained ^perimmtally the numbers given in column 4, of 
tne table (p. 471), for the ratios of the mass of the particles 
to tiieir m^s at low velocities. Assziming the whole mass 
to fteeZecincaZ the numbers given in column 3 were calcu- 
lated for the ratios by Abraham's formula. The close 
agreement supports the view that the whole mass of the 
electron is electrical, i.e. due to the charge s in other 
words, an electron is a disembodied atom of eleo- 
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tricity free from associatiOB with matter as we 
know it. 


V 

' 

Eatiu by 
Formula. 

Ratio by 
Exp. 

2-88 X lO"* nm. per sec. 

•963 

2*52 

2*70 

2-80 X iO"' „ „ 

•933 

2-14 

2-09 

2--10 X IO*" „ „ 

. -830 

1-61 

1*70 

2-20 X 10'“ „ „ 

•732 

1‘41 

1*41 


The (|UCfciti()n i>hen arincB, Arc there two kinds of mass or is 
all mass electrical ? and J. .1. Thomson postulated the latter, viz. 
that all mass is electrical, duo to the tubes carrying forward 
some of the aether. On this view all mass is mass of^ tlie aether, 
all momenttuu is momentum of the aether, all kinetic energy is 
kinetio energy of the aether, and further, since the whole mass 
of a body is all in the aether, the body is therefore every- 
where, and every body occupies space oooupied by every other 
body. Mathematics shows, however, that the mas.s, though every- 
where, is intensely localised, for only mass is outside 

a sphere of the same size as an ordinary atom. 

Difficulties in the above may be briefly indicated. It was early 
suggested that the mass of an atom was due to its electrons, and this 
would necessitate in round numbers (say) 2,000 in a hydrogen atom, 
whereas recent work indicates that the number is or the order one 
for a hydrogen atom and only a fraction (1/2) of the atomic weight 
for other atoms (Art. 339). Of course there is in the atom the 
“positive s|>here ” or ** positive nucleus” (Art 339), w'hich must be 
there for the atom to be neutral, but about which we do not know 
very much. In the case of the hydrogen atom, if the positive 
charge were on a nucleus l/2()00 of the size of an electron, the mass 
of the atom might be accounted for, and the theory that kuiSkS is all 
electrical would still hold. The difficulty lies in our ignorance of 
this positive electricity. 

The proceeding explains mass in terms of aether, but the question 
still remains— If Aai is the explmmiion of aether? To fit in witli 
certain id«‘aa, it should be more fluid than the most perfect gas, but 
to fit in with others it should be of great density. Again, hir many 
years it was the subject for dispute whether the earth, for example, 
carried the aether along with it or whether the aether was of s ich 
a nature that it was not disturbed by the motion of bodies through 
it; the latter view was, ultimately, almost universally accepted, 
but when experiments were carried out on the determination of 
“velocity relative to the aether” they, practically, one and all 
failed. Explanations have been given {e.g. the Lorentz-Fitzgeraid 
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explanation of the M.ichelson”Morlay expenna;ui), hut di!rir;nIti©H 
remain. The recent German attempt to explain awav the ae.ther 
by the Fi-imciple of Belativity \v<* m-wr hhail know 
velocity relative to the aether— bristlen wit.h iuul in a 

long way from satisfying as yet, . All the knowledge* gained in the 
last decade has, however,, been a true developing] f. in J.ho right 
direction, and work in the near future may clear up ijiiuMh that is* at' 
present obsoiirej the key to future progress is the answers to the 
associated questions— “ Wliafe is positive eiectrioity t ” ** ilow are 

we to explain aether ? ” 

339. The Structxore of tlie Atom. ¥aji-deix*Broek’'s 
Hypotliesis. Planck’s Constant and Quasita.— The 
periodic law, the study of spectra, radioa>(‘.tivity, etc. 
indicate, that the eieineEts have soirietliiiig in eo»mnion, 
and, as electrons, identical in every respect can bo ejected 
from all sorts of matter it is clear t.hat the eitudron must 
be a common constituent of ail matter. 

In a theory of ato,niic structure due to Frt jfessor .1, J. 
Tho.mson the atom consists of rapiiliy revolvinjg mjgative' 
electrons within a -sphere of positive electricity, the total 
positive charge being equal to the negative clKi.rge, The 
force of attraction on an electron will ¥1x17 <li*'‘ect,iy as its 
distance from the centre of the spliere, aiul, treating the 
problem as a statical one, tii-e system of electrons will l.)e 
stable if their mutual forces " of repuLsiun halaace the 
attraction of the positive sphere, d’he three dimoiisioiiai 
problem of tlie arrangement of the electrons has not been 
worked out in detail, but it has i^een solved for two 
dimensions, and it has been shown that when the numlior 
of electrons is large they are arranged in severaJ c<m- 
centric rings. Thus 6 in a ring is uustaufe, but 5 in a 
ring and 1 at the centre is stable ; 8 in a, ring is unstable, 
but 7 in a ring and 1 at the centre is statde; a stable 
arrangement of 30 electrons would consist of 15 in an 
outer ring, 10 in the nest ring, and 5 in the ring, 

and so on. It has been/stated that tin* atomic wfdjght of 
an element is proportional to the number of eletd.rons <.toa- 
tained in its atom, and the following table gives a. stable 
arrangement of atoms of increasing af,omic weight ; in the 
fourth .row there are 4 rings of electrons, in the third row 
3 rings, and, in the -second row 2 rings in atom. The 
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Later work by Bohr, Rutherford, and others definitely indicated 
that Thomson’s positive sphere must be abandoned and that the main 
part of an atom is concentrated in a nucleus which has on the whole 
a positive charge | protons). Borne at least of the electrons are out- 
side this positive charge, extending to distances comparable with the 
diameter of the atom and revolving as satellites round the nucleus. 
The attniotion on an electron is, in this case, inversely proportional 
to the square of the distance from the nucleua Since the radius of 
an atom is of tiie order 10""** cm., whilst that of the electron is of 
the order 2 x cm. (otie fifty-thousandth of the atomic radius), 

and that of the positive nucleus has been estimated to be in most 
cases probably less than that of the electron, it is evident that the 
bulk of the atom of matter is “empty space *’-~a kind of solar 
system in which the so-called “material lumps” are very very 
small indeed compared with the total bulk. Hence it is that a 
helium atom or an electron travelling with grpat speed can go 
straight through an atom, straight though, in fact, 10,000 atoms 
without hitting an 3 'thing. Hence it is, also, that helium atom, 
if only travelling fast enough, can go through 500,00 fkatoms with- 
out coming near enough to the strong minute central of an 

atom to suffer appreciable deflection. These facts are shown by 
Wilson’s photographs. 


student of chemistry will see, many points of resemblance 
to Mendelceff s periodic classification ; in fact, many points 
in pliysic*yS and cbemistry can be explained on the lines of 
the preceding atoms, and so also can the facts of radiation 
if the rofad.ioii of the electrons is taken into account, but 
to go further into details would take us beyond our present 
p,rovince. 
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' ,1?h6 determiaatlon of' the aetiaal number uf eleotroiiH in an atom 
of an j substance, is a imoblem on \Vliieh much work hm been done 
with 'confiicting results. Bvidenee derived frcan eertuin experi- 
ments gave comparatively small numbers, whilst evideime derived 
from other experiments gave much larger iiuiiiberH. Uf course, in 
the former, the number of electrons involved iii the phfinomena 
under examination might be only a f-mall part cjf fJie total number 
present, wliiist the view already meatiuned, that the mass of an 
'atom was the sum of the masseB of its electrons, at first gained miioli 
favour owing to its simplicity and attraetivenesH ; on this view for 
the number M of electrons in an atom we would have 

^v= r— , 

m 

where M is. the mass of a hydrcjgen atom, m the mass of an electron, 
and If the atomic w^eigbt. 

Modern work, however, dues not uphold the theory. From ex- 
periments on the deheetion of /3 rays in passing through c<;rtain 
thicknesses of solid matter it is pu-^siblc to calculate the iiumber <jf 
collisions it has made and to hnd tiie numlair uf electrons in unit 
volume, and knowing the number of atoms in unit volume the 
number of electrons per atom may be deduced. Recent experi- 
ments of this nature at the Cavendish Uiboratory led to the 
conclusion that if the po8iti%’'e electrification is distributed over a 
sphere the size of the atom the number of electrons per atom is 
equal to three times the atomic weight (,*. 3 in a hydrogen atom), 
whereas if the positive electriti<*atit)n in a imchuis a^ ’the »icntre the 
number of electrons per atom is equal to tlie atomio ^veigltt (.*. 1 in 
a hydrogen atom). Certain other experimentE gave tli©numl>er 
(outside the nucleus) as half the Htoniic weight. 

In still later vrork by Rutherford tlie chance that an a 
particle going through a sheet of gold foil would be deihx‘led 
through a certain angle was estimated, and then Mar>den and 
Geiger, by means of the seiiitilladons on a zinc Kulphide sewcen, 
counted what fraction of a certain number of a partickts failing on 
gold foil were deflected through a certain angle. Combining their 
result with Rutherford’s they were able to tiut ermine the number oj 
free podtive charges {mok immericiiily equal to the eiectronio 
charge e) on the nudem^ and this is, oi course, equal to tlie 
number of electrons outside the nimleuH. The cxpmimcnts and 
estimations were repeated with different substauerB and in all 
cases the mimher of free positive charges was found to he appioxi- 
mately half the ulomk weighty or somewhat less. By a aeries of 
quite different experiments-— the scattering of X-rays— Bar kk 
estimated thiy kumher of eiectmm outside the midt'us tv be approxi- 
mately half atomic weighty agreeing, as it should do, with the 
previous ex ptirimeuts on. the free positive charges on the nucleus. 
Finally, Moseley’s brilliant work on the wavc-ltingthsuf tliecliarac* 
teristio X-rays set up when kathode rays fail upon different sub- 
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stances confirmed the above, and added definiteness to it. (Moseley, 
unfortunately, like many more of our splendid young men, was 
killed in the trenobes by a Turkish bullet at Gallipoli in the 
summer of 1915,) The final conclusion is that if the elements ia 
Mendeleeff's series be numbered in order of atomic weight 
(ie. what is called the “ atomic number ” H) these numbers, 
which are approximately half the atomic weight, will give 
the number of free positive charges ou the nucleus and, 
also the number of electrous outside (f.e. if be the atomic 
number and e the electronic charge the number of free positive 
charges in the nucleus is the total free charge on the nucleus is 
+ Me, and there are M electrons, total charge - Me, outside). This 
view is now adopted (Appendix 2). 

Thus from the above, hydrogen has a central nucleus with one 
free positive charge e and one revolving electron outside ; helium 
has two central positive charges and two revolving electrons, 
lithium has three of each, beryeliura four, boron five, carbon six, 
nitrogen seven, oxygen eight, fluorine nine, neon ten, and so on up 
to uranium with ninety-two. 

In a modified conception of the atom due to Lewis and Langmuir, 
the electrons outside the nucleus are at rest or merely oscillating. 
The first two electrons lie on a shell round the nucleus. The next 
eight take up positions (outside the lirst two) corresponding to the 
eight corners of a cube. Thus we have a series of shells containing 
electrons one outside the other, the successive shells containing 
respectively 2, 8, 8, 18, 18, 32 electrons. If the outer shell is not 
complete the atom tends to join with others to complete it, le, there 
is chernioal union between them. If it is complete, the atom is 
inert like argon and neon. Further details would, however, take 
up too much space here, and reference should be made to some 
modem work on Physical Chemistry. 

It has been mentioned that the charaoteristio radiation of 
highest frequency which anatom produces — the K radiation— is due 
to perturbations of the innermost, most rapid ring, the L radiation 
of lower frequency is from the next ring, and the M radiation 
from the next ring (the extra high frequency J radiation, recently 
mentioned will be from a ring within the K ring, very close to the 
nucleus); The fact tiiat hydrogen, with a single electron in its 
planetary system, can exhibit these radiations is explained by 
Bohr’s additional views on atomic structure. Bohr’s contention is 
that an electron may rotate round the nucleus in a series of 
different orbits, and that radiation takes place when the electron 
jumps from one orbit to the other. The radii of the orbits are as 
the squares of the natural numbers, viz. 1, 4, 9, 16, etc., the fre- 
quencies as the inverse cubes of the natural numbers, viz. 1, 

etc,, and Bohr has shown that the longest wave-length line of 
the K series is due to jumping from orbit B to orbit A (Fig. 5106), 
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whilst the longest wii?©*Ierigfelt. line of the 
L series is due to jumfiiiig' from (J to i?. 
B'urthor, it has iiieri.tic)rieci that an 

elcetrcm may he expelled 'by. .the direct 
impact of an a or /li |)artielo from outside, 
or by the influence of X«raya, etc. : it can, 
also be expelled by the collapstj of particles 
fi’om one orbit to the next. Thus . Sir 
Oliver Lodge pciints out tlii.it, jiiai as the 
energy required to t!ir?,jwa plaiiefc^ to Intlnity 
is doiiide its energy in its orbit, Ko the energy 
of an electron in its orbi.t.-is just that *L|!iantuni of morgy whwh 
must be supplied in addition, in order to bring about an expulsion. 
Now the kinetic energy is inversely as the dihtanoi of the orbit 
from the nucleus, so that if the A% L, and .If fmve ra<iii I, 4, 

and 9* ti.ie energies will boas tim numbers !, J, and J. I’aldng, then, 
the case of an M particle faliiTig to L, the one.rgy Winin-d will be 

- I, i.e. of a K uni.t, so that alt»»geiher -b ».«. J of a K 
unit will be transmitted, and, this beinge<pial toa uniiof fv energy, 
will be able to eject the L particle. 

The nucleus contains, as has been fixplalm'd, a niuul>er of frm 
positive charges equal to the atomic nmidair: tlml there arc also 
electrons mside the tiudeus (atid, therefore, an equ.al launber of 
binding positive charges) is indicated by ceiiain phcnomeim in 
radio-activity. To exp.lain, these Rutlierfoid Buppostw that not 
only the a but also the primary § particlen are exiHdIe?! ./>ow the 
nucleus; thus the a particle, being positive, will havo its* vedocity 
increased in passing tlirough the strofjg repulsion held, whilst the 
/3 particle, being negative, will be iinperled in its e-seapo from the 
micleus, and must, therefore, pohHe.SH considerable energy in order 
to effect its escape. Further, If a |S particle eHcapes from a ring 
near the surface it constitutes the high speed [i ray emit t<*d without 
the production of 7 rays (Radium E’and Uranivtm X are iliu.stra- 
tions), while if it, escapes from the interior it pjwKcs orj its way 
through regions where it gives rise t.<j the pro<inofion cd 7 rays. 

The statement that the positive cluarge on tlu^ micieuH in equal to 
the atomic number iV' ff.c. that the charge ig 4« *Ve) ib often referred 
to' as Van a ea Broek's hypothesis.” 

According to Bohr the angular nuuuentnm an (•h'ftron is con- 
stant and given by the expression i'i/'iir *, this in npohiuj fd as the 
,. hypothesis,’* A being known as Planches naiversal coa- 
staiit. 

Tdanck^a ,** Theory of J^^uanta’ * assumes that not ordy matter 
but e7ierpy has an atomistic structure, at Iwd. when iboig out into 
space as radiation ; it asserts that a simple harmonic m-ther wave 
gives energy' to matter in .quantities of hn ergs at a titnc, n being 
the frequency. ■ The actual magnitude of the quanta k very Hinall 
The energy of one quanta of radiation of frequency u m Aw, and for 
a frequency of one .vibration per second It is only 6 x 10“*'^ erg. 
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This is Planches comtant ; it has proved a useful constant in various 
investigations, and although its actual nature is not yet defined (it 
is an energy divided by a frecjuenoy, but in the h hypothesis above 
it is regarded as an angular momentum) it is possible that it may be 
proved to be one of our fundamental constants. 

The Bokr atom referred to above may now be dealt %vith some- 
what fuller. Bohr asserts that (a) an atomic system possesses a num- 
ber of “stationary states” in which there is no emission of energy 
as radiatio!!, {b) a transition from one of these states to another is 
accompanied by an emission or absorption of energy ; the fre- 
quency n of the radiation emitted is given by the expression 

- ^2 ( 1 ) 

where and denote the energies of the system in the two 
stationary states, and h is Planck’s constant, (c) In the case of an 
electron rotating round a positive nucleus the possible stationary 
states are given by the relation 

T = ^ahn ( 2 ) 

where Tis the mean value of the kinetic energy of the system, and 
a is a whole number ; if the eleotronio orbit is circular it is 
shown that this is in agreement with the assertion that the angular 
momentum of the system in the stationary states is an integral 
multiple of h/2Tr, {d) in the case of a system consisting of positive 
nuclei at re.-t relative to each other and electrons moving in circular 
orbits the angular momentum of each electron round the centre of 
its orbit is A/27r when the total energy of the system is a minimum. 
For further details the reader should consult the original paper. 

It has recently been shown that Planck’s constant may be con- 
nected numerically with the magnetic moment of the “ magneton.’’ 
(Art. 282). Consider an electron moving in a circular orbit of 
radius a with angular velocity w. Its angular momentum will be 
ma^io ; thus hftw — rnd^of and therefore a*w hl27rm. Further, the 
magnetic moment of the revolving electron will be i.e. 

ehlirm ; hence 

h = 47r ^ (inagnetic moment). 
e 

Now the magnetic moment of the revolving electron is 92*7 X 10“*, 
and that of the magneton 18*54 X ».e. one fifth of the former ; 
thus 

h = 20r ~ (moment of the magneton), 
e 

An extension of this to magnetic theory and the structure of the 
atom has recently been made by Peddie. He considers the atom as 

M. AHD E . 56 
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consisting of oonoentrio spherical shells of electrification rotating 
round a common axis. Consider a uniform positive sphere oiradiua 
r and charge iVe moving with angular velocity Outside this 
imagine there is a ring of n (from 1 to 8) valency electrons also in 
rota tiouj and assume the remaining negative electrification to be on 
a central core having no rotation. The magnetic moment of the 
rotating sphere will be As we have no definite knowledge 

of the value it is taken as equal to for a ring electron. 
Thus the magnetic moment of the positive sphere wili-be |-A^ea'^w = 
NehjlQTrm ; but the moment of the magneton is ehl20rmi so that the 
magnetic moment of the positive sphere will be equal to 2N mag- 
netons Again, the magnetic moment of the ring will be equivalent 
to magnetons (the magneton moment is one-fifth of the electron 
moment). Hence the resultant magnetic moment for this atomic 
model will be the difierence between the 2N magnetons of the core 
and the 5n magnetons of the ring. This view is communicated by 
Dr. H. S. Allen, and it certainly emphasises that in considering 
magnetic material and atomic models the magnetic effects of the 
nucleus will enter into the considerations. 

It has been explained that light is an electro-magnet io wave, and 
it is interesting to note, in passing, the origin of such waves. ^ We 
have seen that when an electron is suddenly stopped it gives rise to 
an aether pulse, the electric and magnetic forces being at right 
angles to each other, and both at right' angles to the direction of 
propagation. If, instead of being stopped, we imagine the electron 
to execute simple harmonic vibrations to and fro of suitable fre- 
quency we have the necessary conditions for the propagation of 
plane polarised light ; if we imagine circular or elliptic vibrations 
of suitable frequency we have the necessary conditions for the pro- 
pagation of ordinary light. ' 

In the sections which follow some simple applications of 
the electron theory are dealt with: the subject is a very 
wide one, so that a very brief treatment only is possible. 

340. The Bielectric Constant (Specific Inductive 
Capacity) and the Index of Itefraction, We have 
seen that an atom consists of some structure of positive 
electricity combined with certain corpuscles or electrons, 
and, on the electron theory, the distinction between a di- 
electric or insnlator and a conductor is that in the former 
the electrons can be displaced within the atom but cannot 
be dragged out of it by an external electrical field, whilst 
in- the latter the electrons can be detached from the atom 
and are quite free to move in the spaces between them. 

Consider now a rectangular block of a dielectric placed 
at right angles to a aniforin electrical field (air). Let e be 



have foitiitt expressions tor the mdej 
dielectric constant To obtain corr 
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the charge on an electron, its displacement . from its 
neutral position due to the field, F the electric intensity in 
the block, and / the restoring force on an e^cfcron for unit 
:displacein.ent. The total displacing force on the electron 
is Fe and the total restoring force on it is fx ; hence, as 
there is equilibrium, 

Fe = /», i.e. a = ^ (1) 

Now let N be the number of electrons per unit volume 
and A the face area of the block. The displacement of the 
electrons tliroiigh a distance x will be equivalent to a nega- 
tive charge of MAxe at one side and an equal positive 
charge at the other, i.e. will be equivalent to surface den- 
sities of Nxe. 

The intensity F in the block is due jointly to the external 
field ami the surface densities. The former is 47rD (Art, 
88), where D is the polarisation of the external field (A = 1) 
and the latter is 47r/>, i.e. 4:7rNxe ; their directions are clearly 
opposed, hence 

Fe 


F = 4ir.D — 47rNxe = 47rD — AirNe 

attd = F 


AttI) 

-JT - 


1 + 


AirWe^ 

~ 7 ~' 


But if K be the dielectric constant of the block, F = 
AirDjK, and if n bo the index of refraction hence 

K = + (3) 

J 

If the dielectric is a gas the atoms are far apart and therefore/ is 
independent of the density whilst N is proportional to the density ; 
in this case therehire [K - 1) and (?t^ — 1) are proportional to the 
density. Boltzmann has shown that this is so. 

In the preceding we have considered the case of steady 
electrical field acting on the electrons in the block, and 


in the case of waves of light falling on a substance certain 
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results from the “ theory of vibrations ” must be assumed ; 
these the student will find in any good work on Sound, 

Let m be the mass of an electron in the substance, then, 
since it is acted on by a force fx which is proportional to 
its distance aj from a centre of force, it will have a natural 
period of vibration given by 

r, = ■ 

Now imagine a light wave of period to fall on the 
substance. The electron will be subject to a periodic force 
eF varying harmonically and therefore given by the 
pression 

e sin 27r -A , 


It will therefore execute “ forced vibrations of period 
and the displacement x at any instant will be 

~ « _ -^0 _ sin 27r i- 


m 

m 2’/ 

or, since //m = 


47r^ 


2VV 


2*. 


sin 2ir _ (4) 


Putting now sin 2ir ~ in place of F, 2)^ sin 27r in 

place of D, and (4) in place of x in (2), viz, F = 47rD — 
4TrNxe, we get 

P„sin27r A 


: 47rD„ sin 2w 


4^Ne^F^ 




f% 4jrl>. 


(2’/ 2'/) 


sin 
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t.e. 


K: 


4s7rl),, 

""JT. 


:1 + 




The difference between the two values of ^ (and n^— the one for 
steady fields, the otlier for light vvaves—should be carefully noted • 
in the latter if be great in comparison with Ti we have 


K = n- = 1 + 


iVe2 




f ’ 


since/ = 4.v^mlTi ^ ; this is the expression already obtained above 
for steady fields (see also Art. 314). 


34;1« Electrical Conduction in Metals, — It has' been 
shown that the conduction of electricity in electrolytes and 
in gases is effected by positively and negatively charged 
carriers called ions. In liquids the ions are free charo-ed 
atoms or groups of atoms (Art. 203) ; in gases the nega- 
tive ion is an electron loaded up by having attached to^ it 
one or more neutral atoms (at low pressures the electron 
throws off its attendant neutral atoms and travels alone), 
whilst the positive ion is an atom which has lost an 
electron. The conduction of electricity in solids is also 
effected by carriers, hut the latter in this case consist solely 
of free electrons. Tii the absence of an electric field these 
electrons travel promiscuously in all directions, and it is 
further supposed that they are in temperature equilibrium 
with the conductor, Le. that their mean kinetic energy is 
equal to the mean kinetic energy of the molecules of the 
conductor, and, therefore, that the ordinary laws of the 
Kinetic Theory apply. On the establishment of an elec- 
tric field there is, in addition to this movement in all 
directions, a drift of electrons in the opposite direction to 
the field (the electrons are negative), and this constitutes 
the current in the conductor. 

, Now,, by the Kinetic Theory, ■ 

= aT .................. ...... ( 1 ) 

where, m = mass' of an 'electron, T. = absolute tempera- 
ture, i; = mean velocity of the electrons corresponding 


482 ELECTEONIC THBOBIBS; AND I’HE NEW PHYSICS. 

to temperature equilibrium with the substauce, and a = a 

constant, ^ ^ 

Let an electric field of intensity B be applied to the 
conductor; between two collisions an electron will be 
subject to a force Be, and its acceleration f parallel to the 
field will be 

/ = ^ (2) 


If p be tbe mem free path, i.e. the average distance 
travelled between two collisions, then the time (f) taken 
to describe this mean free path will be piv, and the dis- 
tance travelled (dj parallel to the field in this time will be 




h.Ei i- 

2 m 


( 3 ) 


Again, if 7 be the average velocity parallel to the field, 

pr _ d _ ^ ^ P . I 

^ t p 2 * m V * 
and since = aT, i.e. m = 2aTlv^, 

(4t) 

But if N be the number of electrons in unit volume and 
I the current density, I = NeV, i.e. 

(5) 

and, if p be the conductivity, I = pE, i.e. 

p = ( 6 ) 

^ 4a2’ ^ 


Hence (1) Ohm’s law is obeyed, for by (5) I is propor- 
tional to B. (2) From (6) p is inversely proportional to 
T, ie. specific resistance is proportional to the absolute 
temperature (this assumes that the product Npv is inde» 
pendent of temperature). (3) Differences in conductivity 
of different bodies are due to differences in the number of 
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free electrons (2^), for on the right hand side of (6) the 
only factor likely to differ very much in different sub- 
stances is N. 

Although the simple electronic theory of electrical conduction in 
metals outlined above explains many points and has many points 
in its favour, there are, nevertheless, serious difficulties to be 
explained away. Consider, first, the number of free electrons* 
required to account for the high conductivity of most metals. 
Calculation shows that in the case of silver the number per unit 
volume should be of the order 2*6 x 10^*, which is about 40 times 
the number of silver atoms ; this would mean that each atom of 
silver would have to l()se about 40 electrons ; taking the charge on 
an electron as unity each atom would have a positive charge of 40 
units, and the specific heat of the electrons in unit mass would be 
considerably greater than the actual specific heat of silver There 
are probably reasons for believing that the number of electrons 
whicli can be withdrawn from an atom of metal under ordinary 
conditions is quite smali, so that probably the number of free 
electrons cannot greatly exceed the number of atoms. 

Further, other difficulties must be explained away in connection 
with the variation of resistance with temperature. Kamerlingh 
Onnes finds that at the temperature of liquid helium the resistance 
of certain pure metals is^ less than one- thousand-millionth of its 
value at 0“ 0., whilst if it fell in proportion to the absolute tem- 
perature it would only be reduced by one-seventieth ; he also finds 
that an induced current once started in a ring of lead at this 
tera|ierature lasts almost undiminished for two hours, and takes 
about four days to fall to half value. These and certain other 
difficulties are in a measure met by a modified electronic theory of 
conduction in metals due to J. J. Thomson. 


0 © 0 © 0 © 0 © 

. 

. ^ T'ig. 517. 


Tliomson asstunes that an atom of the metal contains 
an elect, rk‘al doublet, wliicli consists of equal and opposite 
cliarges, the negative bein.g . the . electron.. ■ When an ■ 
electrical field is apfdied these doublets set themselves in 
chains parallel to the field (Fig. 517). The doublets will 
give ri.se to intense electric forces, and electrons will be 
dragged out of one atom into the other along the chain. 
Thus the field results in the chain arrangement, whilst the 
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force which drags out the electrons is the force exerted bj 
the atoms in the neighbourhood. Theory shows that 

j _ 1 ET^dne 

F* 

_ 1 Tf^dm 

h ^ T^Ti 

where h = drift per unit electric force, d = distance be- 
tween the centres of two doublets, n = number of electrons 
passing along each chain per second ; thus p becomes 
infinite (resistance zero) when T = Tq, The deviation 
from this, as shown by the experiments of Onnes and 
others, is brought out by a more accurate mathematical 
treatment. Further, the part played by the electric force 
is the forming of the chains, and theory shows that below 
a certain temperature the electric force may be removed 
and the chains, will remain, and electrons will still be 
moved by the forces exerted by the neighbouring atoms, 
t.e. the current will continue to flow, as was found in the 
lead ring experiment of Onnes. The possibilities of this 
modified theory of Thomson’s merit a more detailed con- 
sideration than they have hitherto received, but space for- 
bids their further treatment here. 

342, Thermal Conductivity, — The close connection 
between electrical and thermal conductivity in metals is 
shown by the Wiedemann and Franz law, which states 
that at a given temperature 

Thermal conductivity * . . 

3 — ^ constant 

Flectrical conductivity 

and is proportional to the absolute temperature. Consider 
now a metal rod AB, A being at ahigher temperature than 
B. According to the Kinetic Theory the conduction of 
heat from A to K was due to molecular collisions ; the 
molecules coming from A possessed greater kinetic energy 
than those from J5, and in a collision the energies tended 
to be equalised, so that the B molecules gained kinetic 
energy whilst the A molecules lost kinetic energy, and 
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heat was therefore transferred from A to JB. 
Kinetic Theory of gases proves that 


Further, the 




' 1“ * 


r,- f; 


where Q is the quantity of heat passing, per second 
mrougli a partition of unit area and thickness t, and where 
F IS tlM mean kinetic energy of a molecule on the hot 
side and that on the cold side of the partition. 

Now, in the light of modern work there is every reason 
to believe that the electrons in the metal are the essential 
agents in this heat transference. Applying, then, the 
above, we have 

Wt = = a7\ and = aT^, 

where and are the absolute temperatures ; hence 






p, V, and N having the same meaning as in Art. 341. and 
if k be the thermal conductivity 


h 


■ic 

* t * 
_ pvNa 


t,e. 


Thermal con ductivity 
Electrical conductivity 


pvNa 


that is, the ratio is independent of the metal 
proporiionai to the absolute temperature ; this is .... 
of Wiede^nann and Franz. Ail the quantities are known, 
and, substituting the values in the equation, we find that 
the ratio at 18° C. is 6*3 x 10^^ and the temperature 
efficient *366 per cent. Experiments give the 
results, which are in close agreement:—. ■ 
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Material. 

Thermal 

conductivity 

Electrical 

conductivity 

atl8®0. 

Temperature 
Coefficient of 
this ratio. 

Per cent. 

Copper, pure... ... 

6-6o X 10'“ 

0*39 

Silver, pure 

6 86 X 10'“ 

0*37 

Gold 

7 -S' X 10'“ 

0-36 

Nickel ... 

6-99 X 10'“ 

0*39 

ZimiD ... ... ... 

7 05 x 10'“ 

0*38 

Zinc (2), pure 

6-7‘2 X 10'“ 

0-38 

Lead, pure ... i.. 

7-15 X 10'“ 

0-40 

Tin, pure 

7-35 X 10'“ 

0-34 

Aluminium ... ... 

6-36 X 10'“ 

0-43 

Platinum, pure ... 

7-53 X 10'“ 

0-46 

Iron... ... ... ... 

8 02 X 10‘« 

0-43 

. 


These and the results of Art. 341 indicate that in metals the 
current and at least the greater part of the heat are carried by 
electrons ; in the latter case the atoms, by collision, also play a 
part. 

343. Tliermo-Electricity. — Consider two metals A 
and B in contact, and let the number of electrons per unit 
volume of A be greater than the number per unit volume 
of jB, so that the pressure of the electrons in A is greater 
than the pressure of those in B. Electrons .will pass from 
A to B (making B negative and A positive) until the 
di:fference of potential produced prevents any more elec- 
trons passing from A to B ; thus we have a simple ex- 
planation of the P.D. arising from the contact of metals. 

^ Again, if an external P.D. be applied to the junction so 
that a current flows the Peltier effect comes into existence, 
and if P be the Peltier coefficient P ergs of work will be 
done in .the transference of unit quantity across the junc- 
tion. If and be the concentration of electrons in 
the two metals (i.e, number per unit volume) the charges 
per unit volume will be Nie and and the volumes 

corresponding to unit quantity will be ^ and ~ I’^spec- 

tively . Further, from the Kinetic Theory, the pressure due 
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to the electrons per unit Tolunie is gmn bj tbe expression 
p = laWT, 

and in tbe case under considex'ation will therefore be 
and ^aN^T respectively. Hence the work done in 
transferring unit quantity is given by 


P = 


. dv 


■UT '’^Ndv 

.®i 


= i".T. 


e 


' I ^dv 

fv. = ly 


V Be) 

-.log A 



1 

log.| f 

.. 3_ _ -iVag 

■ 1 

\ 

N,e 


This gives the relation between the contact diHereuce of 
potential, the* concentration of the electrons, the electronic 
charge, and the tempei’ature. From known data the ratio 
NJN.^ can be calculated from the above; for copper' and 
zinc it is about 1*03, for bismuth and antimony it is 4. 

The Tiiomaon effect can be partially explained; Consider the 
end -4 of a conductor to be at a higher temperature than the end B, 
and let a current tiow from A to B. Since the pressure due to 
electrons is given by |iVa7\ the energy of the electrons in the con- 
ductor will be increased since they move from parts at a lower to 
parts at a higher pressure (electrons are negative ) ; thus there will, 
on this account, be a heating effect. At the same time, the 
electrons will be carried out of the conductor at A, where their 
kinetic energy is greater, and into P, where their kinetic energy is 
less, thus leading to a cooling effect. Which of these two effects is 
greater in any case, so that the sign of the Thomson effect may be 
predicted, can only be settled by further knowledge. 

Connected with the above is the effect produced when one part of 
a conductor is suddenly heated. This increases the pressure of the 
electrons in that part, they rush to other parts and the effect of 
the charges they carry is to setup potential differences ; here again, 
however, further knowledge is required in order to explain observed 
facts. 
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344, Conduction in a Magnetic Field. Tlie Kallj 
Etting!iaus 0 n-M*eriist, Ettinghausen, Eeduc^ and 
longitudinal Effects. — The Hall effect was discoTered 
by Hall in 1879, and may be briefly described as follows. 
If a current passes between two points, P and Q, in a thin 
metal plate the lines of flow diverging from P converge to 

Q as shown in the diagram 
(Fig. 518), and the eqiii- 
potential lines, everywhere 
at right angles to the lines 
of flow, run as indicated 
by the dotted lines in the 
figure. If this thin plate 
carrying a current be 
Fig. 618. placed in a magnetic field 

with its plane at right 
angles to the field it is found that the system of lines of 
flow, and therefore the equipotential lines, suffer distor- 
tion. The points P and Q remaining fixed, the lines 
appear as if rotated round the direction of the magnetic 
field as an axis. Looking along the lines of force the 
system of lines is deformed as if twisted to the right in 
tellurium, iron, zinc, and antimony, and to the left in 
bismuth, nickel, and gold. In the former the effect is said 
to be positive and in the latter negative. 

Exp. The effect is demonstrated experimentally by noticing the 
displacement of an equipotential line. If the point p be connected 
to one terminal of a sensitive galvanometer it is easy to find another 
point q at the same potential as p by adjusting the position of the 
point of contact with the other terminal until no current passes 
through the galvanometer. Let this adjustment be made before 
placing the plate in the magnetic field. It will then be found that 
when the plate is placed in the field a current at once passes through 
the galvanometer, indicating that^ and q are no longer at the same 
potential. If the equipotential line initially passing through p and 
q be supposed to be rotated to the right by the action of the field, 
the pointy) evidently passes into a region of higher potentialand q 
into one of lower potential than at first, and the current in the gal- 
vanometer will be from p to g. If, however, the equipotential Tine 
be rotated to the left the current will be from q to p. Hence, the 
direction of the current in the galvanometer indicates the sense of 
the distortion of the lines of flow and the magnitude of the current 
indicates the extent of the distortion. 
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If e denotes the difference of potential thus produced 
between two points equidistant from P and Q by a field of 
strength JT, in the case of a plate of thickness ^ carrying a 
current J it is found experimentally that 



where J. is a constant under given conditions. The Hall 
effect is very marked in bismuth and tellurium. 

The electronio theory supplies, at present, only a partial explana- 
tion. In Fig. 519 let I be the direction of the current (i.e. P to Q) 
and ff the direction of the magnetic field. The electrons, being 
negative^ will be moving in the direction Q to P, and an application 
of the rules given in previous pages 
will siiow that the magnetic field 
will result in the electrons being de- 
flected upwards so that p is at a 
lower potential than g, and the sign 
of the Hall effect is that found in 
bismuth ; this does not account for 
the Hall effect with reversed sign 
{e,g, antimony). On the other hand, Fig. 519. 

If positive carriers could also be ' 

imagined moving from P to Q these also would be deflected up- 
wards, tending to make p at a higher potential than q, and both 
signs could be accounted for according as to which of the two 
efl'ects predominated. The main objections to the latter idea are 
(1) the charged carriers must be the same in all metals, and whilst 
this is the case with electrons the “ universal positive particle ” has 
not yet been definitely found, (2) the positive particles found so far 
are of atomic dimensions. 

Consider again Fig. 519, but instead of a current let heat be flow- 
ing from P to Q. The electrons from the end P will have more 
energy and higher velocities than those from Q and will be more de- 
flected by the magnetic field. Since their direction of defleetioir is 
downwards the result will be that the face g will be at a lower po- 
teotiai than the face p. Experiment proves that this is so, and it is 
known as the Ettmghausen.’-Hei’nst effect. . 

Again consider Fig. 519 with the current flowing from P to Q. 
The electrons moving upwards acquire increased energy due to this 
motion, part of which is communicated to the molecules there, with 
the result that the upper face becomes at a higher temperature than 
the lower face. Experiment proves that -this is so and it is known 
as the Ettingbausen, effect. ^ 

Consider again Fig. 519, but instead of a current let heat be flow- 
ing from P to For the reasons already ghen the electrons 
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moving downwards will cause fche lower fae© to be at a higher tem- 
perature than the upper faee, since they have greater velocities than 
those moving upwards. Experiment proves that this is so in some 
metals, but opposite in other metals ; it is known as the laediic 
effect. 

It should be noted that, whilst the first and last effects have re- 
versed signs, all metals show the second and third effects as indi- 
cated in theory. 

It is evident that the transverse effects indicated above will result 
in longitudinal effectSy i.e. effects parallel to the original current and 
flow of heat. Thus in the .Hall effect (say in bismuth) the path of 
the electrons becomes curved and it is easy to deduce that tlie final 
result is a reduction in the current flowing ; this is equivalent to an 
increase in the apparent I’esistance of the bismuth, and this has been 
used for the measurement of magnetic fields. The following briefly 
summarises the transverse and longitudinal effects ; the reader will 
be able to think out the latter, on the lines already indicated, for 
himself. 


Transverse. 

Longitudinal. 

Hall effect ... 
Ettinghausen-Nernst effect 
Ettinghausen effect 

Leduo effect 

Variation in electrical conductivity 
Difference in potential 

Difference in temperature 

Variation in thermal conductivity 


The explanation of the Hall effect on Thomson’s theory of con- 
duction in metals would be briefly as follows. Imagine a doublet 
to rotate about an axis not at its centre, so that the two chari^es move 
with different velocities. The effect of a magnetic field will be to 
incline the axis of the doublet to the plane containing the electric 
and magnetic fields and there will be a flow, of electrons at right 
angles to both, the direction of the flow being determined by that 
end of the doublet which moves the quicker ; thus we have the Hall 
effect with either sign. There are still, however, difficulties with 
this explanation. 

345. Magnetism. — The molecular theory of mag- 
netism has been fully dealt with in Chapter I., but it will 
be noted that the theory accounts for paramagnetism (and 
ferromagnetism) only, not for diamagnetism, Weber was 
the first to frame a theory of diamagnetic bodies, and 
Maxwell gives this theory somewhat as follows. Imagine 
that the molecule of the substance is a perfect conductor 
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of electricity. WlieB. placed in the magnetic field due to 
(say) an inducing magnet, induced currents are formed in 
each molecule, and these tend to oppose the motion (Lenz’s 
law). These molecular currents act like small magnets 
whose poles are, therefore, turned towards the like pole of 
the inducing magnet, and since they flow in a perfect con- 
ductor they will continue to do so until they are wiped out 
by equal and opposite induced currents due to the destruc- 
tion of the field. These induced currents thus provide the 
necessary explanation of diamagnetism ; up to this point, 
then, a body is paramagnetic or diamagnetic according as 
to whether the effects dealt with in Art. 8 are greater or 
less than the effects due to the induced currents. 

We have seen that Ampere postulated cuixents flowing 
round perfectly conducting circuits in the molecules, and, ' 
further, that in a magnetic field these circuits set them- 
selves so that," for example, their ** clockwise” direction 
was towards the north pole of the inducing magnet. At 
the same time these perfectly conducting circuits provide 
the necessary paths for the Maxwell induced currents men- 
tioned above ; a body is, therefore, paramagnetic or dia- 
magnetic according as to whether the effect of the original 
or the induced currents is the greater. 

The electronic theory of magnetism is a continuation of 
the above. Electrons moving in closed orbits within the 
atoms take the place of the Amperean currents in perfectly 
conducting circuits, and the alteration which, as will he seen 
presently, is produced in these orbits hy the inducing field 
takes the place of the Maxwell induced currents ; a body is 
paramagnetic or diamagnetic accordkvg as to 'whether the 
orientation of the orbits into the necessary direction or the 
alteration in the orbits due to the magnetic field produces 
the predominating effect. 

For simplicity we shall assume the electrons moving in 
circles whose planes are perpendicular to, and axes in the 
direction of# the inducing field, and shall show that the 
alteration in the orbits due to the magnetic field leads to 
the phenomena observed in diamagnetic bodies. In the 
more general case the motion of the electrons could be 
resolved into three components, a linear motion in. the 
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direction of the field and two equal and opposite circular 
motions in a plane perpendicular to tlie field, but tbe 
general principle will be equally well illustrated by tbe 
simpler treatment. ; 

Consider the electronic orbit and tbe magnetic field to 
be as indicated in Fig. 520. Before the magnetic field is 

put on the centrifugal force, 
is balanced by a force directed 
towards 0 and proportional 
to r^, Le, by a force equal to 
(say) /r^, where is the 
radius of the orbit ; hence 

- =A. 

When the field is on, the force due to the field is Keis 
and is directed outwards along the radius, and, since the 
motion of the electron is perpendicular to the forces, v is 
the same. If be the radius of the new orbit 



mv^ - 

— = A 

_ j 


mv^ 
“TT" ' 


Hsv, 

Ilev 

■» 

^2 

Hev 


mv^ 

i.e. — . 

But, if Tj be the period in the first case and that in 
the second, T^=27rrjv and r^—T^vj^Tr ; so 
Substituting and reducing, 

1 __ 1 _ He 

27rmT,* 

. {T, + T,)(T,^T,)_ He 


2^; 

or approximating, by putting and = T^\ 






T^- _ ^ . r « 
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346. Magnetism and Xiiglit. (1) Tlie Zeeman 
Effect,^ — Zeeman discovered in 1896 that if a source of 
Eght producing line-spectra be placed in a magnetic field 
M. ANB B. 57 


Now, a charge e moving in a circle of area a in periodic 
time T is equivalent to a current ejTf and the magnetic 
moment of the orbit is ea/T, Thus the moment in the 
first case is ea/T^ or Trr^ejT^ and in the second case 

Sr 2\ 

If there 

i j ^ i 2/ 

are N such orbits per unit volume, then, since the induced 
intensity (J) is given by the change in moment per unit 
volume, 

I = Nttb 

or, since rjr^ = TJT^, 

_ _ WHe^a 
47rm 

and, if « be the susceptibility, 

^ _:L ^ 

II 4iTrm 


Thus K is negative, as is the case with a diamagnetic 
body, A more exact treatment (see above) would merely 
introduce a small factor to the right-hand side. 

There is no limiting val3|e to I for diamagnetism, for it 
is proportional to the fielA^'. Oh the other hand, a para- 
magnetic body will be saturated when all the orbits are 
turned into the proper direction, and this maximum in- 
tensity is NeajT. 

Since diamagnetism is due to interatomic actions it is reasonable 
to expect it incfependent of temperature ; the ferromagnetics of Art. 
8, on the other hand, probably involve orientation of atoms and mole- 
cules, and may be expected to be affected by temperature (see Art. 8). 

In a recent communication by Kotaro Honda the ferromagnetic 
molecule is nearly spherical, the paramagnetic elongated, and the 
transformation of a ferromagnetic into a paramagnetic at high 
temperatures is explained as the result of the gradual flattening of 
the spherical molecule. 
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tlie lines were • resolved into .'doublets' or triplets or even 
more complex arrangements this is known as the Zeeman 
effect, 

.. -To considerihe simplest case: when the source was viewed, 
in a direction at right angles to that of the field a triplet was 
produced, the middle one which occupied the undisturbed 
position being plane polarised, the electric displacement 
being parallel to the field and the outer two being plane 
polarised in a direction at right angles to the middle one. 
When viewed along the direction of the field a doublet was 
produced, the two being circularly polarised in opposite 
directions. 

The electronic theory affords a satisfactory explanation 
of the Zeeman effect. Suppose we are looking down on 
an electron revolving in a counter-clockwise direction in a 
horizontal plane. If a magnetic field, acting vertically 
downwards, is produced by a magnet, then (Art. 170) the 
orbit of the electron will expand. The linear velocity of 
the electi-on, however, remains constant, with the result 
that a smaller number of revolutions will be made per 
second. By similar reasoning an electron revolving in a 
clockwise direction will have its orbit diminished in dia- 
meter, and will therefore make a greater number of 
revolutions per second. The orbit of an electron revolving 
in a vertical plane (i.e. a plane parallel to the magnetic 
field) will not be changed in diameter. 

Now the emission of light by (say) a glowing gas is due 
to the motions of electrons; the numfcr of revolutions 
per second will determine the number of waves produced 
per second. Bor simplicity consider a single electron. 
All possible motions of this electron can be resolved into a 
linear motion along the field and two opposite circular 
motions at right angles to the field. Imagine now the 
light to he viewed in the direction at right angles to 
the field. The linear motion along the field will send out 
vibrations parallel to the field and of the original period, 
say so that the spectroscope will reveal a line in the 
undisturbed position, plane polarised, the vibrations being 
parallel to the field. The two circular motions at right 
angles to the field vsriE send out linear vibrations in that 
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direction, since it is their own plane, but as the circular 
motions are opposite the period of one will be increased to 
Tj, that of the other decreased to by the field, Thus 
the spectroscope will reveal two additional lines, one on each 
side of the undisturbed line, corresponding to the aug- 
mented and diminished frequency respectively ; these 
additional two are plane polarised, the vibrations being at 
right angles to the field. From Art, 345 it follows that 
and differ from Tq by an amount given numerically by 
He 
4irm 


T/ ; hence 




I rp9. 

^ 27rm * " ‘ 


How imagine the light viewed in the direction of the 
field. The linear vibration along the field gives no waves 
in that direction. The two opposite circular motions at 
right angles to the field will result in the emission of 
opposite circularly polarised light in the direction of the 
field. The spectroscope will therefore reveal two lines only, 
one on each side of the original position, and the light in 
them will be circularly polarised in opposite directions. 

The equation above may be expressed in terms of the 
wave length y, since y = FT, where F is the velocity of 
light ; substituting we get 

K 1 

■ 27r ‘ F ’ 


How Jif Jty 7o» 9'2id JET are quantities which can be 
measured, and hence ejm can be determined; thus in the 
case of the triplet with mercury vapour it has been found 
that e/m = 1*6 X which is in close agreement with the 
value found for kathode rays (1*77 x 10’) and further 
supports the electronic theories given in this and preced- 
ing chapters. 

347* li!;agnetisni and Light. (2) The Faraday 
and Kerr Lffects.^-In 1845 Faraday found that when 
dense lead glass was placed in a magnetic field it ac- 
quired the power of rotating the plane of polarisation of 

•M. A,ND. E. ' 57'^* 
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a beam of plane polarised light ; this is known as the 
Faraday effect. ^ ^ 

Much work has been done on this rotation of the plane 
of polarisation in a magnetic field by Verdet (1852), 
Gordon (1877), Becquerei (1877), Eayleigh (1885), and 
later by Eodger, Watson, and others. It is now known 
that most substances exhibit this effect, and it is well 
marked in bodies haying a high index of refraction for 
light ; in dealing with metals very thin films must be used, 
but the effect is very pronounced in the case of an iron 


film. 

The amount of rotation depends upon the material, and 
is also proportional to the component of the field intensity 
parallel to the direction of the beam. Hence, for a given 
substance the rotation is a maximum when the directions 
of the beam and the magnetic field are parallel, and zero 
when they are at right angles. The direction of rotation 
is, however, not reversed by reversing the direction of the 
beam. 

In experimenting, the substance may be placed between 
the poles of an electromagnet, or more satisfactorily in 
the interior of a long coil, and a beam of plane polarised 
light passed through it parallel to the direction of the 
field. The amount of rotation produced can then be 
measured by a polarimeter in the usual way. The amount 
of rotation is proportional to the length of the substance 
traversed, and as the sense of the rotation is not reversed 
by reversal of path, it has been 
found convenient to increase the 
length of path by multiple re- 
flexions, produced by silvering 
the ends of the piece of substance, 
as indicated in Fig. 521, The 
amount of rotation also depends 
upon the strength of the field, 
and results show that the general law of the phenomenon 
is that the rotation of the plane of polarisation along the 
path between any two points is directly proportional to 
the difference of magnetic potential between these two 
points. That is, if P denotes difference of potential 



Fig. 521. 
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between any two points, and S the observed rotation of the 
plane of polarisation due to the transmission of a beam of 
plane polarised light along the line joining the points, then 
3 = FP, 

where F is a constant depending on the material. 

This law was enunciated by Verdet and is known as 
Verdet's Law, and the constant F is known as Yerdet's 
constant. The value of F varies with the wave length of 
the light and is approximately inversely proportional to 
the square of the wave length. 

For ail diamagnetic substances the direction of rotation 
is the same as that of the current which would produce 
the magnetic field to which the rotation is due. For para- 
magnetic substances it is in the opposite direction. 

For pure carbon bisulphide the value of Verdet’s 
constant at 0. is given by 

Vt = F, (1 -- -00104^ ~ -000014^^), 

F<, being equal to 0*043'. 

In 1877 Kerr discovered that the plane of polarisation 
of light was rotated by reflection at the polished surface of 
a magnet; this is known as the 
Kerr ejfect. 

Kerr’s method is shown in Fig. 

522. A plane polarised beam from 
the Nicol prism A is reflected by 
the mirror (unsilvered) if, and pass- 
ing through the opening in the 
soft iron block I falls vertically on 
the magnet pole W ; here it is re- 
flected, and passing upwards is ana- 
lysed by the Kicol prism P. The 
nicols are crossed and the field is 
dark when the magnet is not excited; on exciting the 
magnet the light appears and is extinguished again on 
rotating P. Kerr found that if the plane of polarisation 
is parallel to the plane of incidence the rotation is in the 
same direction as the maguetising current. 

The sliiident of Optics will readily see that the electronic theory 
supplies an explanation of the Faraday rotations. The light vibra- 
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tion may bo regarded as resolved into two opposite circular vilira- 
tions, the relative phases settling the plane of polarisation. When 
the field is on the circular orbits are altered, the period of one being 
augmented, the other diminished, and the index of refraction for the 
two components is therefore not the same. The relative phase on 
emergence is therefore altered so that they combine to form a plane 
polarised beam whose plane of polarisation is rotated.” The 
reader should think this out in detail for himself, for there are many 
intermediate points, dealt with in this and preceding chapters, 
which are omitted in this brief summary. 

This rotation of the plane of polarisation may be used in measur- 
ing a current. Let the current to be measured be passed round a 
uniformly wound solenoid having % turns per unit length. Then, if 
the rotation produced by a column of carbon bisulphide, of length 
placed in the interior of the coil with its length parallel to the axis 
of the coil, be denoted by 5, we have 


That is 


d = VP or, since P = 4TmlI^ 
S = 4:7mUV 

■ r- ^ 

47nilV^ 


and I is determined if F is known and i, and B are observed. 

In 1875 Kerr discovered that a dieleotrio when subjected to 
electrostatic stress became doubly refracting and converted plane 
into elliptically polarised light ; this also is spoken of as the ** Kerr 
effect.” 


348. X Ray BifiPraction and Crystal Structure. — 
The absence of regular reflection, refraction, etc., early 
observed in tlie case of Eontgen rays, was attributed by 
Scbuster as being due to tbe shortness of the wave length 
— a view which modem work certainly upholds. 

In some recent experiments by Laue, Friedrich, and 
Knipping a fine pencil of X rays was passed through a 
thin crystal slip, thence impressing itself on a photo- 
graphic plate, and Fig, 523 diagrammatically represents 
the result in one case— -that of a crystal of zinc blende. 
Eound the central spot a number of other spots are 
symmetrically arranged, the arrangement varying with the 
structure of the crystal. 

The effect is due to the diffraction of the rays by the 
atoms of the crystal. Thus consider the rays falling on a 
plane containing atoms ; a certain amount of reflection by 
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tlie atoms eiisiies. Imagine a second plane of atoms 
behind the first and parallel to it : the primary, weakened 
in.' its passage, is again, 
partiali j reflected by the 
atoms, and so on* The 
reflections from two dif- 
ferent planes may on re- 
joining either reinforce 
or destroy each other. 

They will reinforce if 
the wares exactly fit, 
crest to crest and trough 
to trough, and this will 
be so if the distance 
** lost ’’ by a reflection 
at one plane in compari- 
son with a reflection at 
the preceding plane is 
an integral number of 
wave lengths. Mathematically it can he shown that the 
condition for reinforcement in the case of two parallel 
planes of atoms is expressed by the relation 

where d is the distance between the planes, y the wave 
lengtli, 9 the angle of incidence, and N an integer ; thus 
reinforcement depends upon the spacing of the planes, the 
wave length, and the angle of incidence. The explanation 
of the Lane photograph is, therefore, that the different 
series of spots are simply reflections under suitable con- 
ditions in the different series of planes containing the 
atoms of themrystal. 

Bragg, continuing this work, used the X ray B^edro- 
meter (Big. 524). The X rays pass through holes in the 
lead box B and lead plate P, and fall on the crystal 0, 
which is mounted on a table T, capable of rotation ; 8 is a 
slit leading the reflected rays to an ionisation chamber I. 
In experimenting T is turned to various positions and the 
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angle 6 and the ionisation noted. Clearly, by using tbe 
same crystal, tbe radiation from Yarions X ray bulbs may 
be examined, or by using the same rays tbe spacing of tbe 
atoms of a crystal in different directions may be examined 
and crystal structure investigated. Thus, for example, 




Bragg concludes that in the case, say, of ^sodium chloride 
crystals the diffracting centres are in cubical array (Fig. 
525), the black dots being sodium atoms and the white 
circles chlorine atoms. For further details the student 
should consult the original paper of Professor W. H. 
Bragg. 

Exercises XXIV. 

Section C. 

(1) Write an essay on the application of the electron theory to 

the explanation of electric oondnotivity. (B.E. Hons.) 

(2) Explain why there is an apparent increase in mass produced 

by charging a body with electricity. (B.E. Hons.) 

(3) Give a short account of the Zeeman effect and of its explana- 
tion on the electronic hypothesis. (B.E.Hons.) 
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(4) Describe the Hall effect, and discuss the theory which has, 
been advanced to account for it on the hypothesis of electrons. 

(B.E. Hons.) 

(5) An electron of mass 10”^^ grammes rotates 5 X 10^* times a 

second round an atom supposed to be at rest ; find the force with 
which the electron must be attracted to the atom in terms of the 
radius of its orbit. If the atom has a positive charge of 10""^® 
electrostatic units and the electron an equal negative charge, 
calculate the radius of the orbit, assuming that the attractive force 
is purely the force between the charges. (B.Sc.) 

(6) Give a short account of the effects of transmitting light 

through a magnetised material, and of reflecting it from the surface 
of a magnetised body. (B.Sc. Hons.) 






/'V \ y A*. / 






APPENDIX. 


1. Solid Angles.— The expression employed in (4), page 96, for 
the solid angle subtended at P (Fig. 91) by the circular shell 
may be readily found as follows : — 

^ Consider a sphere and its circumscribing cylinder (i.e. let the 
sphere have a cylinder drawn about it, the base diameter, and 
height of the cylinder, being therefore each equal to the diameter of 
the sphere), and imagine a series of planes parallel to the ends of 
the cylinder, such planes dividing the surface of the sphere and the 
lateral surface of the cylinder into zones ; the area of any zone of the 
sphere is equal to the area of the corresponding zone of the cylinder. 
Now consider Fig. 91, and imagine a sphere with centre P and 
radius PA. The area of the segment out off by AB will be equal 
to that of the corresponding zone of the cylinder. The circum- 
ference of this zone is ^tAP, i.e, 27r(»* -f and its width 
is JP ~ a?), i.e. [x^ + - x ; hence its area (and therefore that 

of the segment cut off by AB) is 27r(a;* -f {{a;* -f - x} 
Thus— ^ 

^ , __ Area of segment _ 2t{x^ r^'^{{x^ 4- - a;} 

(Radius)® ” (a;A+r'^) 

= ~ ^ 27rf 1 - a? Y 

(ajs-f-r®)^ \ (a;2 4.^2yi) 

= 2,r(l-oos0). 502 
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2. Til® MnmheT of Electrons ‘ in an Atom.~~Eeferene 0 
liss been made in Art. 339 to Rutherford, Marsden' and Geiger’s 
work on the determination of the number {N) of free poaitiYe 
charges in the nucleus of an atom, and therefore the number (iV) of 
©lectroiis outside the nucleus. As these results are now accepted, 
a very brief note on the “ mathematics” of the investigation may 
be of interest to the student. (See Phil Mag, xxi. (669) and xxv. 
( 604 ) ). The treatment below is a modification of Prof. Millkan’s. 

Oousider an a partiole rushing straight on to a nucleus, getting 
to its nearest distanoe ss from the centre of the nucleus, and then 
being deflected through 180® back again along its line of approach. 
Evidently the original kinetic energy of the a particle must be 
equivalent to the work done in moving up to distance x under the 
repulsion of the nucleus, t.e. 


J^e(2e) ^ 


where Jm# = original kinetic energy \ / 

of a partiole, -f Ne « total nucleus \ 

charge (e = electron charge), and 0:^/3 

2e is the known charge on the a / 

particle* / - \ 

Now consider the a particle rush- 
ing not ** straight on” to the nucleus /Y 

A (Fig. 626), but as indicated in the /Y \\ 

figure where the a particle is deflec- ^ 
ted through an angle In this case Y \ 

if V be the velocity at B and u the Y \ 

velocity originally, our energy ex- 
pression becomes Fig. 626- 

imu ^ - =■ .¥^^1 ( 2 ) 

where D ==, AB, 

By well known properties of the hyperbola, the eccentricity z is 

equal to —i— (Fig. 626) and AO = zOJ? ; hence 

et 
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and substituting for dl and 


and from elementary mechanics (conservation of momentum) : — 


hence 


Dv lu 

r , and from (1) and (2) 


X = 21 cot ( 
=: 21 cot- 


= D{i) - a;) ~ - ajj, 


cot |. 


where § =; the deflection of the a particle == (r - 2a). 

Further, if there are n molecules in a cube of 1 cm. side the pro- 
bability that another molecule shot through the cube will “ hit 
one of the contained molecules is known to be irnd'^ where d is the 
diameter of a molecule. In the same way if there are n atoms per 
0 . cm. in a piece of metal foil of thickness i the probability P that a 
small particle shot into the foil will come within a distance I of a 
nucleus is given by ; — 

P = trntP, 

and this is the fraction/ of any given number of small particles 
shot into it which will come within this distance L The fraction 
which will come within the distances I and ^ is 


Now from (4) 


dP = 27rni-^ cot 


Tunt 


cot ^ 
4 2 


. 1 2 
- coseo^ 


Hence the fraction /deflected between the limits jSi and 
bo obtained from the above by integrating between these limits : 
the integration gives 

/= (cot>| - eot* I) (5) 
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Marsden and Geiger determined, as previously indicated, this 
fraction for the known angles and ^2 and then, knowing n and t, 
X was found. Substituting the value of x in (1) and knowing the 
energy and the value of e, the required value N was found. 
The number iV" of free positive charges in the nucleus (and therefore 
the number of electrons outside) was found to be as mentioned in 
Art. 339, equal to half the atomic weight or somewhat less, and x 
was of the order cm. for gold and smaller for lighter elements. 
N must of course be a whole number and is taken now to be the 
atomic number which (// = 1) is roughly, for other elements, half 
the atomic weight, really somewhat less (see Art. 339). 
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3. Atomic Wei^Ms, Valencies, aad Electro-cliemical 
Equivalents. (International Atomic Weights 1912 ; 0 = 16.) , 


Element. 

Atomic Weight 
(0 = 16). 

, Valency. 

Aluminium 

... ... (Al) 

27-i 

3 

Antimony 

(Sb) 

120*2 

3 

Bismuth... 

... ... (Bi) 

208*0 

3 

Bromine .. 

... ... (Br) 

79-92 

I 

Cadmium 

(Od) 

112*40 

2 

Calcium ... 

... ... (Ca) 

40*07 

2 

Chlorine... 

(Cl) 

35-46 

1 

SS" ::: 

• (Cu) 

(Au) 

63-67 

197 "2 

lor 2 

3 

• Hydrogen 

... ... (H) 

1*008 

1 

Iodine ... 

(I) 

126*92 

1 

Iron 

(Pe) 

55*84 

2 or 3 

Lead 

... ... (Pb) 

207*10 

2 

Mercury... 

(Hg) 

200*6 

1 or 2 

Oxygen ... 

.„ ... (0) 

16*0 

2 

Platinum 

(Pt) 

195*2 

4 

Potassium 

(K) 

39*10 

1 

Silver ... 

(Ag) 

107 88 

1 

Sodium ... 

(Na) 

23*00 

1 

Tin... ... 

(Sn) 

119*0 

1 2 or 4 

Zinc 

... ... (Zn) 

65*37 

2 


Electro-chemical equivalents (grammes per coulomb) ; 

Cu = *0003293 ; Ag = •0011183; Zn = -GOOSSST; H = -OOOOIOM. 
Chemical equivalent *=* Atomic weight Valency. 
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4. Speoiiio Resistances, Conductivities, and Temperatnre 
Coefficients. 


Substance. 

Sp. Res. at 
18" a (ohms 
per cm. cube). 

Conductivity 
at 18". 

Temperature 

Coefficient. 

Silver 

1*65 X 10-6 

6*06 X 10^ 

•0040 

Copper (drawn) 

1-78 X 10-' 

5*62 X 10 

•0043 

Zinc ... 

6*1 X 10-6 

1-6 X 10 * 

•0037 

Iron 

1*4 X 10-5 

7-1 X 10 * 

•0062 

Lead ... 

2*1 X 10-5 

4-8 X 10 * 

•0043 

Mercury ... ... 

9‘41 X 10-5 

106 X 10 * 

•0009 

Platinum i 

1*16 X 10-6 

8-6 X 10 * 

•0037 

Aluminium 

3*0 X 10-6 

3-3 X 10 * 

•0038 


Manganin (Cu == 84, Ni = 4, Mn = 12) : — Sp. Res. = 4*76 X IQ-® 
at 0® 0. ; Temp. Coeff. = *000018. 

Platinoid (Ou = 62, Ni ~ 15, Zn = 22) : — Sp. Res. = 3*44 x 10~* 
atl8“0. ; Temp Coeff. = '00021. 

Rmista (Fe = 80, Ni = 15, Mn = 6) Sp. Res. = 12 X 10-« ; 
Temp. Coeff. = *00109. 

German Silver (Cu = 4, Zn = 1, Ni = 2) : — Sp. Res. = 3 X 10~® ; 
Temp. Coeff = *()004. 
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5. Data for Reference. 


Batio e/m for electron 

Electronic charge (e) ... ... 

Electronic mass (m) 

Radius of electron ... 

Ratio e/m for E ion in electro- 
lysis 

Charge on monovalent ion 

Mass of H atom 

Radius of H atom ... 

Ratio of mass of electron to mass 
of H ion 

Number of molecules in 1 c.o. 
of gas at 0® 0. and 760 mm. 

V elocity of light ... 

<< t;” — ratio of units — Rosa and 
Dorsey (1907) 

Magneton ” moment 
Planck’s universal constant {h) 


( 1*772 X 10’ e.m. units pergrm. 
{5 Z2 X 10^’ e.s. units per grm. 

I 1*55 X 10'"^® e.m. units. 

14-65 X lO”^*^ e.s. units. 

8-9 X 10“28 grm. 

1*87 X lO-”^-^ cm. 

( *96 X 10^ e.m. units per grm. 

1 2*88 X 10^^ e.s. units per grm. 
e as above. 

1*65 X lO”^^ grm. 

1*2 X 10“ ® cm. 

j 1 : 1850 (taking c/m as above) 

I 2-9 X 10'” 

2-998 X 10^® cm. per sec. 

I 2*997 X 10^® cm. per sec. 

18*64 X 10-23 
6 X 10-3’ 


6, Books to Read. 

(а) Molecular Phyeica^ by J. A. Crowther. 

Modem, Electrical Theory^ by N. R. Campbell. 

(б) Manual of Radiotelegraphy and Radiotelephony , by J. A, 

Fleming. 

(c) Gonduction of Electricity through Gasea^ by Sir J. J. Thomsonu 
Rays of Positive Electricity, by Sir J. J. Thomson, 

{d) Radio-active Substances and their Radiations, by Sir B. 
Rutherford. 

(c) Corpuscular Theory of Matter, by Sir J. J. Thomson, 

Electron Theory of Matter, by 0. W. Richardson. 

Relativity and the Electron Theory, by B. Cunningham. 

(/) A Treatise on the Theory of Solution, by W. 0. D. Whetham, 
(p') Electrical Engineering — Continuous Current, by W. T. MaccalL 
Altemcding Currents, by 0. G, Lamb. 


ANSWERS. 


IBxeroises XI. 

*25 volt. (2) f of 35, i.e. 10 ft. from copper terminal. 

(3) I = ‘3 ampere P.D. = 1’^ volts. {^) 3- 

(5) One wrongly connected. 

(6) + *25 ; - 1*45 ; - *95 j - 25. 

O.-(I) 20 cells. (2) 3 rows. 12 cells per row. 

(3) 62 amp. ; *31 amp. ; Hi : Ha = 2 ; 1. ^ 

(4) 275 ohms; 60 watts in battery; 40 watts in leads ; 1100 

watts in lamps. 

(6) 2*28 amperes; 2*86 amperes. ^ ^ 

(7) Resistance = that of a piece of the same wire of length 

(2 - as/ 2) times the length of one side of the square. 

Exercises XII. 



B -(1) in ohms ; 107-73 ohms j 3555-27 ohms. 

(2) 6000 ohms; 4. (3) 70 divisions i 2. 

C.— (2) 5-03. vaHH. 

(8) ^ C.G.S. units. (9) 

(10) 27r»o (1 - oos e) = 27ruc ( 1 - - ” - x) ’ 


(4,) 39:20. 


(ID 0042. 




: L ; *266 C.0.S, unit. 
2 







1 
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Exercises Xtlt. 

lO: 3.; Isl; 10:1. 

(3) Eea. of -4 = 15 ohms j Res. of B = 6 ohms | 

Heat in .4 : Heat in B = 6 : 8. 

(4) 6 ohms. (5) 29*^0. 

€. — (1) *62 ampere; *31 ampere; 2:1. 

(2) Heat in Case 1 = 38*1 calories per second. 

Heat in Case 2 = 8*48 calories per second. 

(3) 114*3. (4) 1*508 volts. 

(6) *3402 grm. ; 142*3 calories ; 69*7 calories ; 46*5 calories. 

(6) 10 J absolute units. (7) *9 volt; *01 ohm. (8) 10*49. 

Exercises XI¥. 

B. — (1) *001 grm. per coulomb. 

(2) Gu = 6560*6 grm., Hg = 20747 grm., H - 103*8 grm., 
NaOH = 4153*5 grm., Cu = 3280*3 grm. 

C. — (4) *505 ampere. (5) 4 : 1 ; 16:1. 

(6) *1588 grm. ; 30964 calories. 

(8) Current in J. = 1*03 ; Current in B = *345. 


Exercises X¥. 

C.— (6) 750. ' 

Exercises X¥II. 
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4 9 ? positions of Gauss, 

A i* ,S6 

rt r'ltr*? ii. 4Stiii 440, ' 441 ' „ 

' ^ ’ Determination of elm and v for, 

” ® ' 44S 

Determination of e and m for, ii. 

9? ® I 

Identity. with helium, ii. 445 . 

ibsolnte dotermmation of cwrent resist- 

aiiCQ and B.M.F;, Sd.b'o4d 
Absolute determination of i±, 

121, 14/ „ << M ” i 

Absolute determination of M, i. i^o 
Absolute electrometer, i. 42^ 

Absolute units {see under the vaiious 
(|uantities)^^ 

Accumulators, tbw 

tSir^’maShif^non-^nifonn field. 

Actionrf a magnet in a uniform '• S'* 

ictiou of a magnet m 91 

at right angles, i 8fi, 87 , “8. 2“> •'”> 
Uthl TL,e4 i 369 374 471, etc. 
.^gglomerate Leclanche cell, u. 1-i 
iffonic lines, i. 151, 152 in 

yternaBng current circuits, Power in, 

Alternating current, Transmission by, u. 

, Jternating E.M.P.’s and Currents, ii. 

" AvOTa.w raluos of, ii. 244, 320 

Calculations on, 326a 
Graphic representation of, u. M8 

Maximum values of, dJJ, 

Virtual values of, n. 31 J 

’ternators. Single, two and three phase, 
ii. 333 

imnieters, ii- 108 .. 

, Hot wire,. 11. 133 
** Bhiirits for, ii. HO 
” Siemens, ^ii. 1 10 
, iVeston, ii. 110 
Ampere, International, li. 34 
, The, ii. 33, 34 
, Virtual, ii. 322 
■ mpere-bour, ii. 34 
,, -turns, ii. »j10 

. -r ’ 1A1 


Amplitude, 1 . 69 . 

Angular acceleration, i. 70 
,, displacement, i. /O 
Anion, ii. 20 . 

Annual changes, i. lo2 
Anode, ii. 20 . . .. 

Arago’s experiment, ii. -uw 
Armature, ii. 270 

winding, ii. 273 

Atmospheric elec^city. u 862470^ 

Atom,’i)ismtogratipno^ ii. 446-466 
„ 'Energy in, ii. 462 ^ ;; 

Humber of electrons in the, ii- 47 *j, 

** ^ and Appendix, 2 

of electricity (see Electron) 

Atomic number, n- 476, 605 
Atomic structure, Bohr, u. 475, 4/7 
Peddle, u. 477 
’ Butberfordj ii. 473 
” ” Thomson, ii. 472 ^ 

Attracted isc or absolute electrometer, 
i. 322-329 
Aurora, i, 369 

B A. OHM, ii. 42, 346 
. iS Bays, ii. 436, .440, 442 
B Bays, Determination of ejm and v for, 

^ ii 443 

Bali-ended magnet, i. 3 

Ballistic galvanometer— . 

Correction for damping m, n. 115 
Binding constant of, n. 247 
Moving coil, ii. 114 _ 

Moving magnet, ii. 113 
Ballistic method of measuring permea 

bility, ii. 301 
Bar and yoke, n.. 312 

Barlow’s wheel, u. 249 

Batteries, ii. 15, 60 

„ , Efiiciency of, n. 127 ,. 

, Measurement of resistance of, 
’li. 214 . . 

Benko Batteries, n. 13 _ m %\ 

Bichromate cell, PoggendorS s, lu 10, 11 

Bi filar suspension of magnet, i./^ 

Biot and Sayart’s experiment, ii. 07 
Biot’s experiment, i. Iw ^ 
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Board of Trade Uaifc, ii. 46 
Bound and fre6 charges, i. 193, 314^ 
Boundary conditions (electrostatic), i. 376 
„ ,, (magnetic), ii, 298 

“ Broadside on position, i. 87 
Brush discharge, i. 362 
Bunsen’s cell, ii. 10 

C ABLE faults, Testing of, ii. 232a 
Calibration of Bridge wire, ii. 207 
Gallendar and Griffiths bridge, ii. 210 
Canal rays, ii. 394 

Capacities, Comparison of, i. 331-833 ; ii, 
230, 376 

Capacity, e.m. unit of, i. 233, 286 
„ , e.s. unit of, i. 233, 286 

,, , Measurement of, in e.m. units, 

ii. 228 

„ , Practical unit of, i. 233, 286 

„ of accumulator, ii. 165 

„ of a condenser, i. 286-287 

„ of a cylindrical condenser, i. 294 
,, of a plate condenser, i. 292, 293 
„ of a spherical air condenser with 
inner conductor earthed, i. 
296, 297 

„ of a spherical condenser, i. 291, 
292 

of a spherical conductor, i. 234 
of a submarine or concentric 
296 
166 

bridge, ii. 209 
Causes of atmospheric electricity, i. 869 
Causes of the earth’s magnetic field, i. 
163-166 

Cavendish’s proof of the law of inverse 
squares, i. 316 316 

Jell, Chemical theory of simple, ii. 4-7> 
147 

„ , Copper and zinc, ii. 2-4 
, Theories of simple, ii, 147 
Cells, Concentration, ii. 169 
,, , E.M.P, of reversible, ii. 163 
,, , Grouping dissimilar, ii. 67 
,, , „ similar, ii. 60 

, , Measurement of resistance of, ii. 215 
„ , Secondary, ii. 162 
,, , Tarious, ii. 8-16 
O.G.S. electromagnetic unit of capacity, 
1 233,286 

O.G.S. electromagnetic unit of potential, 
i. 225; ii. 36, 37, 

O.G.S. electromagnetic unit of quahtitv, 
ii.83,84 


O.G.S'. electrostatic unit of capacity, l 
233,286' ^ 

O.G.S. electrostatic unit of potential, I. 
■ 225 

O.G.S. electrostatic unit of quantity, i, 
223 

Charge, Magnetic effect of moving, ii. 

467 

Charges on hollow bodies, i. 202-208 
Charging by induction or influence, i. 194 
Chemical effects of a current, ii. 20-25 
Choking coffs, ii. 324 
Chromic acid cell, ii. 11 
Clark’s Standard Cell, ii, 13 
Clausius’ ionic theory, ii. 7 
Coefficient of magnetisation, specific, ii. 
313 

Coefficient of mutual mductioii, ii. 253 
and self-induction, comparison of , ii. 288 
Comparison of, by Maxwell’s method, 
ii. 288 

^Measurement of, by Carey Foster’s 
method, ii. 286 
of two solenoids, ii. 264 
Coefficient and mutual induction, Com- 
parison of, ii. 288 
„ of a solenoid, ii. 251 

„ of coaxial cylinders, ii. 262 

„ of parallel wires, ii. 262 

„ of recombination, ii. 433 

^ of self-induction, ii. 260 

Coefficients of potential, capacity, and 
induction, i. 266-268 
Coefficients of self-induction — 
Comparison of, by Maxwell’s method, 
ii. 285 

Comparison of, by Niven-Maxwell 
method, ii. 286 

Measurement of, by Anderson’s method, 
ii. 282 

Measurement of, by Eayleigh-Maxwell 
method, ii, 278 

Measurement of, by Eimington-Maswell 
method, ii. 280 
Coercive force, i. 39 
Coercivity, i. 8 
Coherer, The, ii. 361 
Coil rotating in magnetic field, ii. 241 
Comparison of — 

capacities, i. 331-333 ; ii. 230, 376 
currents, li. 36, Oh. XII., 224 
E.M.F.’s, ii. 222 

magnetic fields, i. 71, Ch. III. s ii 

2'14 _ 

magnetic moments, i. 71, Oh. III. 
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OomparisoB of— 
magoetic polos, i. Oh. III. 
mutual inductances, ii, 288 
resistances, ii. 202 
solf-inductances, ii. 285 ^ ^ , 

Compass, Errors and corrections of, i. 
166 

Composition of magnetics, i, 42, 43 
Coucentrafcion cells, ii. 169 
Condensation experiments, Millikan, ii. 
409 

Condensation experiments (Thomson and 
Wilson), ii. 401 

Condenser— . 

Action of, in induction coll, ii. 269, 
.270 

Current in the charge and discharge of 
a, ii. 268 

Oscillatory discharge of, ii. 260, 364 
Time constant of, ii. 214 
Condensers, i. 28^1-307 

„ , Principle of, i. 284, 286 

,, , Tjrpes of, i. 299-303 

Conductance, li. 42 
Conduction in- 
electrolytes, ii, 139 
gases,ii. Oh. XXIII. ^ 

„ , magnetic field, ii, 488 
metals, Electronic theories of electrical, 
ii. 481 

metals, Electronic theories of thermal, 
ii. 4M 

two dimensions, ii. 69 
Conductivity, Ec^uivalent, ii. 141 
Conductors and insulators, i. 176 
Constant of ballistic galvanometer, De* 
termination of, ii, 247 
Contact potential, Electronic theory of, 
ii.'486 ■ ■ 

Contact theory, ii. 147^ 

Convection discharge, i, 199 
Oopperplating, ii. 26 ^ 

Corrections in determination of “ H,” i. 
121-126 

Coulomb, i. 223 j ii. 33, 34 
„ ' International, ii. 84 

Coulomb^s Law, i. 261, 254 

torsion balance, i. 103^ 811-316 
Couples between small magnets, i. 88, 89, 
90, 91 

Critical pressure and spark discharge, i, 

, 358-360 , 

,, temperature, i. 47 
C.rystal structure and X-ray diffraction, ii. 
498 


Onrie*s Law, i; 42 j ii, 102, SIS 
Ourrent^ — 

Absolute measurement of, ii. 349 
Alternating, ii. Oh. XX. 
balances, Kelvin, ii, 107 
circuits and equivalent magnets and 
shells, ii. 82 

Decay of, in circuit with inductance and 
resistance, ii. 267 
Field due to circular, ii. 70, 71, 72 
Field due to linear, ii. 67 
Field due to solenoidal, ii. 76 
Growth of, in circuit with inductance 
and resistance, ii. 266 
in the charge and discharge of a con- 
denser, ii. 268 ^ 

in a circuit with resistance, inductance, 
and capacity, ii, 260 
Ionisation, ii, 421 

^ Measurement of, ii. 86, Oh, XII., 224 
UrMeasuroment of, by potentiometer, ii 
V 224 
Saturation, ii. 426 
sheets, ii. 69 
strength, ii. 69 

„ , e.ra. unit of, ii. 38 

„ , e.s. unit of, ii. 32^^ 

„ .practical unit of, ii. 83, 84 
Currents, Induced, ii. Ch. XYII. 
Average value of, ii. 244 
Instantaneous value of, ii. 243 
Maximum value of, ii. 243 
Cymometer, The, ii. 874 

D aily changes, i. 160 

Damping in ballistic galvanometers, 
ii. 116 

Damping iu galvanometers, ii. 86 
Danieirs cell, ii. 8, 9 
Decay of current, ii. 267, 260 
Decimation, i. 137, 138, 139, 161 
Deflecting magnetometer, i. 113 
Demagnetising effect of poles, i, 9 
Density of charge, i. 199 
Dependance of charge on dielectric, I. 201 
Detectors of electromagnetic waves, ii. 
368-366. 

Determinawon of H ” or M by trac- 
ing lines of force, i, 127 
Diacritical current, i. 24 
Diamagnetics, i. 40, 42 

„ , Movement of, ii. 295, 296 

Diamagnetism, Electronic theory of, a. 
490 

Dielectric, 1 183, 184 
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Dielectric constant, i. 287 
and index of refraction, Belation be-, 
tween, ii. 376, 478 

Measurement of, i. 331-340 ; u. 230, 376 
Dielectric resistance of cable, ii. 49 
Dielectric resistance of condenser, ii. 211 
Dielectric sphere in a uniform field, i. 
277-280 

Dimension ratio, i. 22 
Dimensions of units, ii. Oh. XXI. 

Dip circle, i. 142 

Dip, Determination of, by dip circle, i. 
141, 143-147 

Dip, Determination of, by induced cur- 
rents, ii. 244 
Dipping needle, i, 141 
Discharge in gases at low pressure, ii. 391 
Displacement in the dielectric, i. 216, 250 
Disruptive discharge, i. 352 
Dissociation theory of electrolytic conduc- 
tion, ii. 39 

Distribution of charge, i. 197, 198, 199 
„ of magnetism along a bar 
magnet, i. 110; ii. 217 
Dolezalek quadrant electrometer, i, 322 
Doublets, i. 84, 274 
Dry cells, ii. 12 
Diiperrey’s lines, i. 161 
Dynamo, Average B.M.F. of, ii. 273 
„ , Principle of, ii. 270 

„ , Series, shunt, and compound 

wound, ii. 274 

Dynamometer, Siemens’, ii. 103 
„ , Weber’s, ii. 105 

E ABTH inductor, ii. 246 
Edison-Lalande cell, ii. 13 
Efficiency of accumulator, ii. 165 

„ of battery, etc., ii. 127 

„ of lamps, ii. 130 

„ of transformers, ii. 332 

Electric density of aether, ii. 370 

„ doublet, i. 274 

,, elasticity of aether, ii. 369 
„ field, lines and tubes of force and 
induction, i. 208 

„ oscillations, ii. 260o, Oh. XXII. 

,, screens, i. 268 

„ strain, i. 246, 250' 

„ strength, i. 355 

Electrical capacity, i. 232 
,, images j i, 268-272 

„ mass, ii. 469 

„ potential, i. 180, 184, 188, 224 

„ pressure, i. 177, 182, 188 


Electrical tension, 1. 186^ 

Electrification of gases, i. 218 
Electrified sphere, Motion of an, ii. 467 
Electro-chemical equivalent, ii. 35 
Electrode, dropping, ii. 158 
Electrode potentials, ii. 156 
Electrodes, ii. 20 

Electrodynamometer, Siemens’, ii. 103 
„ , » Weber’s, ii. 105 

Blectrogilding, ii. 25 
Electrolysis, ii. 20, 21-25, Ch. XIY. 
Electrolysis, Faraday’s laws of, ii. 136 
Electrolyte, ii. 20 
Electrolytic conduction, ii. 139 

* „ resistance, Measurement of, 
ii. 220 

Electromagnetic theory of light, ii. 361, 
369, 376, SSI, Ch. XXV. 
Electromagnetic waves, ii. Oh. XXII. 
along wires, ii. 373, 388 
Commercial methods, ii. 362 
Experiments on, ii. Oh. XXII. 
generated by oscillator, ii. 370 
Laboratory methods, ii. 360 
Mathematics of, ii. 3/7-389 
Beflection of, ii. 359, 372, 386, 3S8 
Velocity of, ii. 369, 368, 369, 374, 381 
Electromagnets, i. 8 
Electrometer, Oapillary, ii. 155 
Electrometers, i. 316-329 
Electro-motive force, ii. 37 
Absolute measurement of, ii. 349 
Alternating, ii. Ch. XX. 

Average value in rotating coil, ii. 244 
Back, ii. 124, 139 

Calculation of, from tberino-chemical 
data, ii. 128 

due to difference in concentration, ii, 
129 

in a thermo-electric circuit, ii. 176 
Induced, ii. Ch. XVIL 
Instantaneous value in, rotating coil, 

■ ,ii.;243 

Maximum value in rotating coil, ii. 243 
Measurement of, ii. 222 
Electro-motive Intensity, i. 355 
Electron theory, i. 31, 32 ; ii. Ch. XX V. 
Electronic theory applied to— 
dielectric constant and refractive index, 
■11478' ' 

electrical conduction in metals, ii. 481 
Ettinghausen effect, H. 489 
Ettinghansen-Nernst effect, ii. 489 
Faraday and Kerr effects, ii. 496 
Hall effect, ii. 4S8 


INDIX. 


Kisctronic theory^ applied ti>— 
lisdiic effect, li. 490*'' 
paramfi'gaetism and diamagnetism, ii. 

490 ; , , 

•tliemal conductivity, ii. 484 
thermo-electricity, 1i. 486 
Zeeman effect, ii. 493 . , 

Electrons, i. 31, 176; ii, 34, 138, Oh. 

xxiiL, xxiv.,xxy. 

Electrons, Determination of n, ejm, e 
and m for— ■ 

Kaufro aim’s Method, ii. 899 
■ Eenard’s, 'Method, ii, 406 . 

; Miliikaids" Method, ii. 409^^ 

Thomson’s First Method, ii. 396 
Thomson’s Method with ultra-violet 
rays, ii.' 407' ' 

Thomson’s Second Method, ii, 398 
Wilson and Thomson’s Method, ii. 401 
Electrons, Number of, in atom, ii. 474, 603 
Electrophorus, i. 342-3‘i5 
EiecttoscopeSj i. 179, 180 ; ii, 424 
Electrostatic induction, i. 183 

,, voltmeters, i, 329-331 
Electrostatics, i. 171 

Emanations, Radio-active, ii. 4^17, 448, 460 
“ End on” position, i. 86, 87 
End rules, i. 21 ; ii. 19 
Energy dissipation due to hysteresis, ii. 303 
„ in magnetic field of a current, ii. 
262, 296 

„ per unit volume of 'the medium, i. 
260 

Energy transfer from ceE to circuit, ii. 
27, 28, 264 

„ , Units of electrical, ii. 44 

Equations of a field, referred to rect- 
angular coordinates, ii. 377 
Equipotential lines and surfaces, i. 98, 
229-232 

Equipotential lines of a simple magnet, i, 
129 • ■ . . 

Equivalent conductivity, ii. 141^^ 

„ magnets and shells, ii. 82 
Errors in determination of “H,” i. 121- 
126 

Errors in metre bridge measurements, ii. 
,, 206 

'Ettinghausen effect, ii. 489 
Sttinghausen-N ernst effect, ii. ■ 489 , 

■pARAD (practical unit of capacity), i. 

;'JC',':'''233 

.' Faraday’s hutterfiy net, 1. 195 ' 
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Faraday’s disc, ii. 249 
„ effect, ii. 496 

„ ice-pail experiment, i. 204, 206 

„ views on electrification, i. 176 

Faraday tubes— 

Energy and mass associated with, ii. 

367 

Longitudinal tension and lateral pres- 
sure in, i. 264-266 

Magnetic field due to motion of, ii. 366 
of force, i. 60, 246 

Velocity of transverse pulse along, ii. 

368 

Faults in Cables, ii. 232a 
Ferromagnetics, i. 40, 42 
Field and potential gradient, i. 61, 242 
Field (magnetic) due to— - 
circular current, ii. 70, 71, 72 
circular magnetic shell, i, 96 
linear current, ii. 67 
magnetised sheet, i. 99e 
magnets, Oh. II, 
solenoidal current, ii. 76 
Field strength, i. 67, 68, 69, 240 
E’ignre of merit of galvanometer, ii. 86 
Fleming’s oscillation valve, ii. 435 
Flax density, i. 33 ; ii. 291, 294, 308_ 

„ , Hibbert’s standard of magnetic, ii. 

. 247 

Force between— 
coaxial coils, ii. 102 
current-carrying conductors, ii, 100 
electric charges, i. Oh. VI. 

I magnet poles, i. 64 
magnets, i. 91 
parallel conductors, ii. 102 ^ 

B’orce on conductor in magnetic field, H. 77 
„ on magnetic body in a magnetic 
field, ii. 296 

Forces between small magnets, i. 91, 92, 
93 , 94 

Franklin’s theory, Modification of, i. 174 
„ „ of electrification, i. 174 

Free and induced potential, i. 190 
Frequency, i. 69, 70 

Fresnel and MacCullagh’s vibrations, ii. 
377 

Frofalich’s Law, i. 24 

“ 7 ” rays, ii. 29, 440, 441, 442 
Galvanometer— 
and galvanoscope, ii. W 
1 Astatic, i. 466 
I Ayrton and Mather, ii, 90 
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Galvpometer^ — 

Coil constant of, ii. 93 _ 

Correction for damping in, ii. 116 
Crompton, ii. 90 
Damping in. ii. 86 
Dead beat, li. 86 
Duddell thermo, ii. 98 
Figure of merit of, ii. 86 
Finding constant of ballistic, ii. 247^ 

„ reduction factor of tangent, ii. 94 

Helmholtz tangent, ii. 96 
KeMn astatic, ii. 88 
„ mirror, ii. 86 

Measurement of resistance of, ii. 219 
Moving coil, ii. 88 

„ „ ballistic, ii. 114 

,, ma^et ballistic, ii. 112 
Eediiction factor of tangent, ii. 93 
Sensibility of, ii. 86 
Shunts, ii. 98 
Sine, ii. 96 
Tangent, ii. 92 
Vibration, ii. 290 
^ Galvanometers, ii. 17 
Gauss, The, i. 60 ; ii. 310 
Gauss’s proof of the inverse square law 
for magnetic poles, i. 127-129 
„ theorem, i. 99a, ^ 247-266 
Geo^aphical meridian, i. 137 
Geometrical construction for the equipq- 
tential lines of a simple magnet, i. 
129,130 

Geometrical construction for the lines of 
force of a simple magnet, i. 180, 131 
Gihhs- Helmholtz equation, ii. 163 
Gilbert, The, ii., 311 
Gramme-atom, ii. 137 
„ -equivalent, ii. 137 
,, -molecule, ii. 137 
Grotthiis’ theory, ii. 7 
Grouping of condensers in- 
general, i. 299 
parallel, i. 297, 298 
series or cascade, i. 298, 299 
Grove’s cell, ii. 9, 10 

Growth of current in a circuit, ii. 266, 268, 
260 

Guard-ring condenser, i. 302 

IT hypothesis, ii. 476 
ll Hall eja:ect, ii. 488 
Heating effects of current, ii. 26, Oh. 
XIII. 

Heating effects of currents, Laws of, ii. 
119, 121 


Henry, The, ii. 260 
Hensler alloys, L 43 
Hertz’s experiments, ii. 368 
Hertzian waves, ii. 29, Oh, XXII. 
Hibbert’s magnetic flux standard, ii. 247 
Hofmann’s voltameter, ii. 21, 22 
Horizontal component of earth’s fleld, I. 
137, 161 

Hysteresis, i. 36, 39 

„ curve, i. 38 ; ii. 303 
„ , EnerCT dissipation due to, ii. 

303 

„ tester, Ewing’s, ii. 311 

TMPBDAHOE, ii. 314 
X Inclination or dip, i. 137, 138, 161 
Index of refraction and dielectric constant, 
Relation between, ii. 376, 478 
Induced charges, i. 183 
Induced E.M.F.’s and currents, ii. Ob. 
XVII. 

„ magnetisation in a sphere, ii. 294 
„ magnetism, i. 4 ; ii. Oh. XIX. 
Inductance, i. 367 ; ii. Oh. XYIl. 

„ , Measurement of, ii. Oh. 

XVIIL; ii. 376 

Induction — 

Magnetic, i. 33, 99a j ii. 291, 294, 308 
Mutual, ii. 236 

„ , Coefficient of, ii. 263 
Self, ii. 237 

„ , Coefficient of, ii. 260 
Induction coil, ii. 267 

,, , Action of condenser in, ii, 269, 

270 

„ , Coefficient of, i. 266-268 

,, , Laws of electromagnetic, ii. 

234 

Induction machine — 

Discharge from an, i. 362-362 
Principle of action of, i. 346-347 
Wimshurst, i. 349-362 , 

Inductive — 

action of the earth’s field, i. 166, 166 
circuit, Time constant of, ii. 266 
displacement, i. 181, 183 
resistances in parallel, ii. 260 
Inductors, Hibbert’s standard, ii. 247 
„ , Standard earth, ii. 246 

„ , „ ^ solenoidal, ii. 246 

Insulated conducting sphere in a uniform 
fleld, L 273, 274 
Insulation resistance — 

Measurement of, ii. 211 
of cable, ii. 49 
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T ?? and “ K*' series. of Taxation, ii. 
Jj 414, 476 
Lag and lead, U. 816 , 


Intensity of magnetisation, i. 84, 64, 66, 
66 ! ii- Cb. X-IX. ^ 

Interrapter, Electrolytic, u. 2® 

, Motor mercury, n. 2611 
Ions, ii. 4, 6, 20 ^ 

. in electrolysis, n, 180 
. * in gases, li. 402, .421-486 
’ Determination of velocities 

”of,’ii.’428, 

Ionic speeds, ii- 142 
Ionisation by collision, n- 480 
, currents, n. 421 
„ . Decay of, 

of gases, 11. Cb. XXIli. 

** of gases, Methods of, ii. 423 


Laminated magnets, i. 23 
Lamps, Arc, ii. 181 
„ , Glow, ii. 130 

Latimer Clark standard cell, u. 13, 14 
Lecher’s wires, ii. 373, 888 


Lifting power of magnet, i. 23, 9*1/ j n, 
298 

Light, Electro-magnetictheory of,u. 361, 
368, 369, 376, 381, 478 

^‘^’bnductorM. 366-868 ^ 

Lines of force, i. 10, 11, 12, 13, J-4, 15 


.* ' and induction, i. 9, 19 

„ „ induction, i. 16, 17, 212 

„ „ magnetic longitude, i. 161 

Linkages, ii. 240, 261, 254 
Local action and polarisation, u. 7, » 
Lodestone, i. 1 i e 

Logarithmic decrement, 11 . 116 
Longitudinal tension and lateral pressure 
in Faraday tubes, L 264-266 ^ ^ 

Lorentz’s theory of electrification, 1. 1/6 


M ago ULLAGE and Fresnel’s vibra- 
tions, ii. 377 „ . 

Magnet in non-uniform field, i. 68, 69 ^ 

„ in two fields at right angles, i. 
86-91 

■ - in uniform field, i, 64 ^ 

„ , Lifting i^ower of a, i. 99e ; n. 298 
Magnetic circuit, ii. 807 

units, ii. 310 
„ cycle, i. 44 

detectors of electromagnetic 
waves, ii. 363 
dip, i. 4 

** effects of a current, ii. 16-20, 

” Oh. XL 
elements, i. 137 
equator, i, 161, 162 
field, i. 9 

.. due to circular current, n. 
” 70-72 

I „ due to linear current, ii. 


Values of e and w for, ii. 

” ** ’ 401-412 

Katioh, iL 20 

Kelm absolute electrometer,!. 322-329 
,, current balances, ii. 107 
energy unit, ii. 46 

!! quadrant electrometer, i. 316-322 
replenisher, i. 347, 348 
standard condenser, i. 300, 8Ui 
II water dropper, i. 348, 349 
Kerr effect, ii. 497 

Kew din circle, 1. 141, 146 ^ 

magnetometer, i. 139-141, 147-149 
Kilowatt, ii. 35, 46 ^ 


Application 
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Magnetic field due to magnets and shells, 
Ch. II. 

,, „ due to solenoidal current, 

ii. 75 

„ ,, , Force on conductor in, ii. 

77' ' . . 

„ „ ^ current, Energy in, 

ii. 262 

,, ,, of the earth, i. 137 

,, fields, Comparison of and mea- 
surement qf, i. Oh. III. 

„ fields, Measurement of, by in- 
duction experiments, ii. 244 
,, fiux, i. 60 

„ „ per unit area, j. 60 

,, ,, standard, Hibbert’s, ii. 

247 

„ foci, i, 154 

,, induction, i. 4, 6, 33, 99e; ii, 
291,293,308 
„ iron ore, i. 1 

„ lag, i.. 39 

„ laws, 1 . 64 . 

,, maps, i. 150, 153, 166 ! 

„ meridian, i. 3, 4, 137 

„ moment, i. 64, 65 

„ i, , Measurement of, i. 

Oh. III. 

„ moment, Eesolution of, i. 79, 
80 

„ parallels, i. 163 

„ poles, i. 3, 161 

„ „ , Comparison of, i. Oh. 

III. 

„ potential, i. 61, 62, 63 

,, ,, difference, i. 62 

„ rocks, i. 164, 166 

„ shells, i. 94, 95, 96 

„ storms, i. 162 

„ tables, i. 161 

„ variations, i, 160-162 

Magnetisation and dimensions, i. 44, 46, 
46 ; ! 

and magnetising force, i. 

: 48,49,60 

„ and stress, i. 60, 61 
„ and temperature, i. 46, 47, 
48 

„ curve, i. 31, 36, 37 
„ induced in a sphere, ii. 294 
,, , Specific coefficient of, ii. 

313 

Magnetising force, i. 33 

, , „ in a magnetisable body, 

n.292 


Magnetite, i. 1, 2 
Magnetographs, i. 166-168 
Magnetometer, Deflecting, i. 113-119 
„ ■ , Kew, i. 139, 147. , 

,, , Oscillation, 1. 107 

Magnetometer method of measuring per- 
meability, ii. 298 
Magneto-motive force, ii. 308 
Magneton, li. 313 

„ gramme, ii. 313 
„ moment and Planck’s con- 
stant, ii. 477 
Mass, Electrical, ii, 467 
Maxwell, The, ii. 310 

„ tubes of force, i. 60, 243 
Maxwell’s Corkscrew Eule, ii. 16, 17 
Measurements, Various (see under the 
specific quantity) 

Mechanical equivalent of heat, ii. 110 , 

„ equivalent of heat, Determin- 
ation of, ii. 122 
force per unit of surface area 
or a charged conductor, i. 269 
Metaholous, ii. 448, 467 
„ , Table of, ii. 466 

Methods of making magnets, i. 19, 20, 
21 

Metre bridge, ii. 202 
,, ,, , errors and corrections, ii. 
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Migration constant, ii. 143 

Modern electron tneory, i. 176 j ii. Ch. 

XXIII.-XXV. 

Molecular rigidity, i. 27 

,, theory of magnetisation, i, 24, 
26, 26, 29, 30, 31 

Moment of inertia, i. 70, 71# 147, 148 
Motion of electrified sphere, ii. 467 
Motor, Principle of, ii. 274 
Multicellular voltmeter, i. 331 
Mutual induction, ii. 236 
Coefficient of, ii. 263 , 

„ ,,, Measurement of, ii. Ch. 

XVIII. 

,, „ , of two solenoids, ii. 254 

N egative glow, ii. 391 
Nernst lamp, ii. 131 
Nemst-Ettinghausen effect, ii. 489 
Meutral temperature, ii. 170 
Mickelplating, ii. 26 

Normal induction over a surface in an 
electric field, i. 247^ 249, 250 
Null or neutral point, i. 13, 14, 16, 209, 
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ABBSTID, Tlie, ii. Sll „ 

II ObaS} The, ii» 41, 42 
Ohm, The B.i.., ii. 43, 346^ 

Deterininatioii of th(H B. ^.method) , 

, DeteniimatioB of , the . (Lorenz me- 
thod),_ ii. 348 
International, E. 42 ' 

Ohm’s Law, Ji. 42 
Oscillation, L 69 . 

jj ■ magnetometer, 1. 10/ 

' , , , valve, ii' 435 

Oscillations, Period of, ii. 365, 3o6 

Oscillators^:, ii. Oh. XXII. .. ■ , 

Oscillatory discharge of condenser, u. 2oO, 
"'354 

Oscillograph, ii. 333a 
Osmotic pressure, H. 166 

I) ABAMAGNBTICS, i. 40, 41, 42 
1 Pararaagnetics, Movement of, ii. 295, 




Paramagnetism and diamagnetism, Llec- 
. tronic theor]^ of, ii. 490 
Paschen’s Law, i. 360 ^ ^ . 

Path of energy in voltaic circuit, n. 27, 
28,264, 

Peltier coefficient, 11. 172 

, effect, u. 172 ^ .. 

, „ , Electronic theory of, n. 

486 . 

Period of vibration of a magnet, i. 69, 70 
Permanent magnetism, i. 7 .. 

Permeability, i. 32, 33, 36 j ii. 291-i<94 

.. , Ballistic method of measnr- 

” ing,iL30l 

, Commercial pethods of 
measuring, ii. 311 ' 

, Magnetometer method oi 
”* measuring, E. 298 , 

, Other experimental work 
on, E, 312 
Permeameter, The, ii. 311 
Pliase difference, ii. 316 
Photo-electric effect, ii. 406 . 

Piezo-electi'ic balance or electrometer, i. 
218 . . 

Piezo-electricity, i, 218 

Planck’s constant and moment of mag- 

. . theory of quanta, E, 476 ^ 

. ..universal constant, E. 476, 4/7 
Plate’ condenser, Capacity of, i- 292, 293, 

303-307 . , ' ^ o 

Polarisation m the voltaic cell, n. 7, 8 


Polarisation of the dielectric, i. 246, 260, 
276 

Polarity, i. 4 

„ , Induced, L 6, 6 
Pole strength, i. 64 
Positive rays, E. 417 ^ 

Post Office box, ii. £04 ^ 

Potential analogies, i. 186-188 

„ and field due to unitormlj mag- 
netised sphere, i- 84, 86^ 
at a point due to magnet, i. 76, 
77,78 

„ at a point due to pole, i 73, 74, 

at a point in an electric field, i. 
226,227 ... , 

I at a point in the air, i. 362-364 

„ , Coefficient, i. 266-268 

,, difference, i. 189, 224 ; E. 36 
difference and electrical force 
inside a closed charged con- 
ductor, i. 263, 264 _ 

difference and spark length, i. 
356-360 

j, difference, e.m. unit of, u.. 36, 37 
,, difference, e.s. unit of, i. 226 
difference, Measurement of, E. 
222 ... 
ffifference, Practical unit of, i. 
226 ; E. 36, 37 

,, due to neighbouring charges, i. 
190-194 

,, , Electrode, E. 166 

„ energy of a charge, i. 237, 288 
energy of a magnet in a uni- 
form field, i. 78, 79 
,, gradient, i. 62, 242 

„ of a sphere, i. 226 

' of conductors in contact, i. 234, 

236 

: Potentials due to magnetic shells, i. 96 
Potentiometer, ii. 222 A ^ 

. The Crompton, n. 227 
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I The Croi^ton, E. 227 

Power in A. 0. circuits, E. 323 ^ 

,, , Units of, E. rl 

Pojmting’s theorem, ii,_28, 264 
Practical unit of capacity, i 233, 286 
„ current, E. 83, 34 
inductance, u. 260 
,, ,, potential, i. 225 ; E. 36 

„ tt quantity, I 223 ; ii. 33 

jj ,, resistance, E. 41. 42 

Precautions Ea determination of *H,” i. 
121-126 ^ .. ^ ^ 
Precautions m metre bridge work, n. 206 
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Pressure of Faraday tubes, Lateral, i. 264- 
2G6 

Primary cells, ii, 1-15 
Principle of condensers, i. 284, 285 
Pull on ma^et faces, i. 23, 99/j ii. 298 
Pulsations, i. 162 
Pyro-electricity, i. 217 

AUADEANT electrometers, i. 316-322 
“ Quanta,^* Theory of, ii, 476 
Quantity of electricity, i. 221 ; u. 81 
e.m, unit of, ii. 83, 34 
e.s. unit of, i. 221 
Practical units of, ii, 33, 34 

ABIATION, u. Oh. XXII. to XXY. 

and “L*’ series, 

11414,476 

Radio-active changes — 

Explanation of, ii. 462 
Greneral, ii. 446 

Mathematics of the changes, ii, 461 
The active deposits, ii. 453 
The emanations, ii, 4^18, 450 
The metabolons, ii. 448, 467 
ITranium X and Thorium X, ii. 448 
Radio-active constant, ii. 447 
,j ,, elements, ii. 439, 466 
Rauio-balance, ii. 198 
Radio-micrometer, ii. 198 


a, ii. 436, 440, 441, 444, etc. 
pj ii. 436, 440, 442, etc. 

7 , ii. 430, 440, 441, 442, etc, 

3, ii. 443 
X, ii. 392, 413 
Kathode, ii. 392, etc. 

Lenard, ii. 412 
Positive or canal, ii. 417 
Secondary X, ii. 414 
Reactance, ii. 317 
Reciprocal effects, i. 60, 61, 218 
Rectifying detectors of electromagnetic 
waves, ii. 364 

Reduction factor of galvanometer, ii. 93, 

■ 4 

Reflecting magnetometer, i. 113, 114, 116 
Refraction of tubes of force, i. 276-277 ; 
U. 298 

Relativity, Principle of, ii. 472 
Reluctance, ii. 308 
Residual effects, i. 290 
„ magnetism, i. 7, 89 


Resistance, ii. 26, 40 
Absolute measurement of, Ii. 846, 348. 
849 

Effect of temperature on, ii . 47 ,443 
e.m. unit of, ii. 41, 42 
Insulation of cable, ii. 49 
Laws of, ii. 47 

Measurement of, ii. Oh. XTI. 

A Measurement of, by potentiometer, ii. 
^ 224 

Measurement of battery, ii. 216 
K Measurement of electrolytic, ii. 220 
^Measurement of galvanometer, ii. 219 
Measurement of high, ii, 211 
^ Measurement of lowv ii. 214 
^ of wires, Measurement of, ii. 202 
Practical unit of, ii. 4l, 42 
Specific, ii. 49 ^ 

Resistances in series and parallel, ii. 46 
Resolution of magnetic moment, i. 79, 80 
Retentivity, i. 7 

Reversible cells, E.M.P. of, ii. 163 

„ energy transformations, ii. 39 
Right-hand rules, ii. 16, 19, 239 
Ring magnet, i. 29 
Robeson ball-ended magnet, i. 3 
Rdntgen rays, ii. 29, 413 
Barkla and Dunlop, on scattering of, 
ii, 417 

Diffraction by crystals, ii. 498 
Energy in pulse, ii. 415 
Secondary, ii. 414 
Theory of, ii. 414 
Rotarj spark ^ap, ii. 363 
Rotating coil, ii . 241 

QATURATIOM current, ii. 426 
O Screening effect of a cylinder, i. 36 
Secondary cells, ii. 162 

„ “X’’ rays, ii. 414 

Secular changes, i. 160 
Seebeck effect, ii. 169 , 

Self-induction, ii. 237 
OoefScient of, ii. 260 

„ , measurement of, ii. Ch. 

"XVIII. 

„ , of coaxial coils, ii. 263 

„ , of parallel wires, ii. 252 

„ , of solenoid, ii. 251 

Shells, Magnetic, i. 94 
Ship’s compass, i. 166 
„ „ errors, i. 1666 

Shunt-box, Universal, ii. 100 
Shunts and shunting, ii. 98 
„ for ammeters, ii. 110 
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Silverpla.ting, . . : 

f?a.lvanic or voltaic^ cm!^ u» 4"0 
harmonic inotiou, 3L. 7w 
Blidinp: comlcnscr, L 303 
Solenoid, ii. 17-1^ 

Solenoidal inductor, ii. 2J..0 
Solenoids, B’ield inside, ii. 76 

Solution pressure, ii. 156 

Spark discharge, i. 352 . 

Specific coetlicient of magnetisation, n. 

. . .. 

-heat of electricity, u. 1/6 
„ inductive capacity, 

2S7, 334;^ il 230, 375 
,, resistance, ii. 49 
Spherical condenser, Capacity of, i* , 
292 

Standard cells, ii. 13-16 
Standard condensers, i. 300-694 
States of electrification, i. 17-' 

Steinnietz’s Law,^j. 39 
Stokes’ formula, ii. 402^ ^ 

Strain m the medium, 1. loo, -jH, 

218 

Stress in the me^um, j. 212, 218 

Striking distance, i. 354 

Surface density of uniformly charged 
spheres, 1. 237 .. oO/i 

Susceptibility, i. 8, 82, 34 291-294 

Curie's experiments on, u. oio 
Fleming and Dewar’s experiments on, 

Measurement of, ii. 298-301 ^ ^ 
Bowland’s experiments on, in 614 
Weiss’ experiments on, ii. 316 ^ 

Symmer’s theory of electrification, 1. 1/4 


T able of atomic data, ii. 608, 

atomic weights, etc., ii. 60o _ 

** conductors and insulators, i. 

X7S 

„ declination at London, i. 161 
” \\ dimensions, ii. ^41 .. ^ 

electrode potentials, ii. 169 
” horizontal intensity at Lon- 

” ” don,i. 161 ^ 

inclination at London, i. 161 
’* ionic speeds, ii. 146 
practical units, ii. 840 ^ 

radio-active transformations, 

specific resistances and _tem- 
” poraturecoeiriciantSjii. 607 
velocities of gaseous ions, ii. 

” 429 


Tangent “A” posMon of Gansa, i. 87 

^ “ B ” position of Gauss, i. 88 

Telegraphy, ih 275 

, Wireless, n. 862 
Telephony, ii. 2766 ^ 

Temperature, Critical, i. 47 

, Neutral, n. 170 ^ ' 

** j Else or conductor due to 
current, li. 122^ 

Temperature coefficientr- 
of a magnet, i. 118 

of E.M.F., m l30, 164 
of resistance, ii. 48 ^ .. „ 

, Measurement of, iia 204 
Tension of Faraday tubes, Longitudinal, 
i. 264-266 . . 

Theories of electrification, 1. 174-Vo. 

Thermal conductivity, Electronic theory 
of, ii. 484 .. 

detectors of electromagnetic 
^’waves, ii. 864 „ 

Thermo-couple pyrometer, ii, 19a 
Thermo-electric circuits, Analytical treat- 
ment of , u. 196 _ 
circuits, Laws of, ii. 1/0 
” circuits, Thermo-dyna- 

” mics of, ii. 479 

currents, ii. 169 
curves, ii. 181 
diagram. Preliminary 
ideas on, ii. 177 . 

Vagram, Representation 
‘ ** of quantities on, ii. 

191 

diagram, Sign conven- 
** tions, ii. 188 

generators, ii. 199 
’’ power, ii. 170 

’ „ lines, ii. 184 

Themo-kectricity, Application of elec- 
tronic theory to, ii. 486 
Thermo-milliammeter, ii. 198 
Thermopile, ii. 197 „ 

Thomson coefficient, ii. 176 
. „ effect, ii. 178 , 

„ , Electronic theory of, u. 

’^6 . ^ 

Thunderstorms, i. 364, 866 
Time constant of condenser, ii. 414^^ 

of Inductive circuit, 11. 266 
Torsion balance i. 103, 311-316 _ 

Total intensity of earth s field 1. 167, 138 
Transfer of energy from cell to circuit, 
ii. 28, 264' ' , 

i Transformers, ii. 827 
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Transformers, Efficiency of, ii. 333. 

„ , Theory of, ii. 327-333 

Transport ratio, ii. 143 
Tubes of force-, i. 18, 19, 69, 99a, 211, 240 
„ of induction, i. 18, 19, 99a, 212-217, 

' 244 . ■ 

Types of condensers, i. 299-303 

IJNIFORM-LY charged infinite cylinder, 

»t it infinite plane, 5. 

261 

7 , »» . . n sphere, i. 260 

Unit capacity, i. 232, 233 
» cells, i. 262-264 
„ current, ii. 32, 33, 34 
,, electric field, i. 240, 244 
,, inductance, ii. 250 

„ magnetic field, i. 67, 60 
,, pole, i. 64j 66 

„ potential, i. 61 , 62, 224, 225 j ii. 36, 37 
„ quantity, i. 221 ; ii. 33, 34 
,, resistance, ii. 41, 42 
„ tubes, Faraday’s, i. 245 
„ „ of force, i. 18, 69, 996, 211, 243 ' 

of induction, i. 996, 240, 244 
Units, Dimensions of, ii. 334-338 
„ , Irrationality of, ii. 338 
„ , Magnetic circuit, ii. 310 
„ , Ratio of e.s. and e.m., ii. 342 

„ , The “ Heaviside,’* ii. 362 
„ ,Theoryof, u. Ch.XXL 

‘‘ Determination of, ii. 343 
Valves in Wireless, ii. 366 ’ 

Van den Broek’s hypothesis ii. 476 
Various capacities, i. 3u7, 308 
„ ^ current effects, ii. 28, 29 
Velocity of electromagnetic waves (see ‘ 
vpious sections of Ch. XXII.) 

Velocity of ions in electrolytes, ii. 142 
Velocitv of ions in gases, ii. 428 
Verdet’s constant, ii. 497 
Vibration, i. 69 
Villari critical point, i, 60 
,, reversal, i. 60 i 

Virtual volts and amperes, ii. 322 
Volt, International, ii. 37 ‘ 

„ , The (practical unit of potential) 7 
i. 225 ; ii. 36, 37 '> 


Volt, Virtual, ii. 322 

Voltaic ceil, Theories of, ii. 4, 147 

Voltaic cells, ii. 2-16 

Voltameter, ii. 20 

Voltmeters, ii. 108 

_ „ , Electrostatic, i. 329-331 

Voltmeters, Hot wire, ii. 133 
. „ ■'* , Series resistances for, ii. 110 

„ , Siemens, ii. 110 

„ , Weston, ii. ilO 

W ATT, The, ii. 35, 45 
Watt-hour, ii. 36, 45 
Wattmeters, ii. Ill 
Waves, along wires, ii. 373, 388 
,, , Electromagnetic, ii. Ch. XXII. 

„ , motion^ ii. 381 
„ , plane, li, 382 
W * stationary, ii. 372, 386, 388 
Weber, The, ii. 310 

Weston cadmium standard cell, ii. 14. 15 
Wheatstone bridge, ii. 201 
Currents in brandies of, ii. 55 
. Measurements by, ii. Ch. XVI, 
Sensitiveness of, li. 202 
Wiedemann effect, u 61 
Wirashurst induction machine, i. 349-362 
Wireless telegraphy, ii. 362 
Work^done^by current, Theorems on, ii 

Work done in deflecting a magnet, i. 78 
79 

Work in carrying nnit pole round a cur- 
rent, u. 83 

Work m displacing conductor in magnetic 
field, iL 79 

Work of magnetisation, ii. 303 
rays, ii. 29, ,413 ' 

^ Diffraction" by crystals, ii. 498 
Energy m pulse, ii‘. ^IS. 

Scattering of, ii. 417 / 

Secondary, ii. 414 
Theory of, ii. 414 

Y^OKE, Bar and, ii. 312 
I7EEMA1I effect, ii. 453 
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